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Abstract 
 
Cucumber mosaic virus (CMV) is an important virus pathogen of lupins in Australia which 
causes  serious  yield  losses  of  up  to  60%  in  epidemic  years.  In  commercially  grown  lupin 
(Lupinus angustifolius and L. luteus) crops CMV is spread non-persistently by aphid vectors, 
but  it  can  also  be  seed  borne  and  this  extends  virus  infection  into  successive  generations. 
Resistance to CMV has been identified in L. luteus cv. Wodjil and is the conferred by the Ncm-
1 gene.  The aims of this research were to study the Ncm-1 gene in order to gain a better 
understanding of resistance in yellow lupin, and to develop a molecular marker linked to Ncm-1 
for use in marker assisted selection. 
 
Previously published data by Jones et al (1996) identified Ncm-1 as being a single dominant 
resistance  gene,  however, phenotypic  analysis  of  CMV infection in  a segregating  L.  luteus 
mapping population in this thesis was consistent with the Ncm-1 gene being a dominant gene 
modified by at least one other minor gene. The polygenic nature of CMV resistance in this 
genetic background was further supported by AFLP analysis which identified one major and 
one minor QTL associated with resistance.  
 
A PCR based approach, using degenerate primers designed on conserved disease resistance 
protein motifs, was used to identify resistance gene analogues (RGA) in L. luteus. Comparative 
analysis revealed that RGAs isolated from L. luteus were members of the TIR-NBS-LRR class 
of R proteins and were similar to the TMV resistance gene N identified in tobacco and the RT4-
4 CMV resistance gene from pepper. Extensive comparative analysis using the genomes of 
model species (including Medicago truncatula, Glycine max, Arabidopsis thaliana and Lotus 
japonicus) was explored and validated the assignment from L. luteus RGAs to the category of 
candidate gene for CMV resistance. The RGAs identified in L. luteus were found to be highly   ii 
conserved in both the CMV resistant and susceptible varieties tested. SNPs which resulted in 
non-synonymous mutations were identified using cDNA based 5’ RACE and used to develop a 
single nucleotide primer extension (SNuPE) assays for MALDI-ToF mass spectrophotometric 
analysis. As SNuPE is based on the allele specific extension of a single nucleotide, genotyping 
is highly accurate and provides co-dominant information. Two SNuPE assays were developed 
based on the RGAs isolated and validated on bulked samples from two L.luteus populations 
segregating for CMV resistance. One assay, SNuPE A
267→C was found to associate with CMV 
resistance. This co-dominant assay is the first of its kind reported for yellow lupin.    iii 
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Chapter 1. Literature review 
 
1.1 Introduction 
 
 
Plant diseases have played a pivotal role throughout the history of civilisation, in the human 
cultivation of plants for food, fibre and construction materials. Famines such as the Irish potato 
famine of the 1840s and the Bengal rice famine of the 1940s were the result of major plant 
disease  epidemics  (Narayanasamy,  2001).  About  80,000  different  diseases  are  estimated  to 
affect crops world wide and the resulting economic loss globally has been valued as high as 
$135 billion US (Falloon, 2005; Narayanasamy, 2001). All plant species are susceptible to at 
least one disease. Plant diseases can be pathogenic (biotic) or physiogenic (abiotic) in nature. 
Pathogens causing plant disease commonly include microbes, such as fungi, bacteria and virus 
as well as parasites such as nematodes, (Narayanasamy, 2001). Abiotic causes of disease are 
linked to adverse environmental conditions such as nutrient deficiency, temperature extremes 
and soil toxicity. Abiotic stresses are not transmissible and plants can potentially recover once 
the adverse condition is rectified. Pathogenic diseases however, are more numerous and varied, 
and  can  be  transmitted  to  healthy  plants  (Narayanasamy,  2001).  Rapid  diagnosis  and 
quantification  of  a  disease  infection  together  with  the  deployment  of  an  appropriate 
management strategy is essential for disease control. 
 
1.2 Plants viruses 
 
Characteristically, plant viruses differ greatly from other plant pathogens in a number of key 
aspects. As a ‘parasite’ within plant cells, viruses at their simplest form consist only of a nucleic 
acid core enclosed in a protein capsid. Unlike many other pathogens, viruses do not produce any 
reproductive  structures,  such  as  spores,  but  multiply  by  inducing  the  synthesis  of  viral   2 
components (genome and capsid), assisted by the host cell machinery. These are then assembled 
to generate more viral particles. Disease is caused not by the virus consuming host cells or 
producing toxins, but by the alteration of the normal host cell metabolism as a result viral 
invasion. This change in metabolism leads to an imbalance in the metabolic pathways resulting 
in conditions deleterious to the function of the cell (Agrios, 2005; Hull, 2002). Because of their 
dependence on the cellular machinery of their host, viral replication is an essential component 
of infection and thus viral transmission is achieved only following entry into the cell cytoplasm. 
Plant viruses must enter cells directly through mechanical wounding, via vectors or via seed 
transmission from infected pollen during reproduction (Agrios, 2005).    
 
Although viruses are simple in nature, they exhibit great diversity in morphology of the capsid 
and mode of replication (Lucas, 1998). Based on their genomic structure, viruses have been 
classified into five major groups (Table 1.1). Of these, the majority of plant viruses identified to 
date are in the class IV, the single-stranded RNA group of viruses. Once freed from its coat 
protein, the RNA can act directly as messenger RNA in the synthesis of proteins, both structural 
and non-structural.  
 
 
 
 
 
 
 
 
 
 
   3 
Table 1.1 : Virus classification, based on the Baltimore system (after Lucas, 1998). The number of known 
viruses identified in each class are approximate figures as of 1998, as new virus are constantly reported.  
 
 
  Genome  Number 
known  
Example 
Class I  ds (+/-) DNA  13  Cauliflower mosaic virus (CaMV) 
Class II  ss (+) DNA  26  Gemini viruses, eg African cassava 
mosaic virus (ACMV) 
Class III  ds (+/-) RNA  27  Wound tumour virus (WTV)  
Class IV  ss (+/-) RNA  487  Cucumber mosaic virus (CMV) 
Class V  ss (-) RNA  82  Rhabdoviruses, eg lettuce necrotic 
yellows virus (LNYV) 
Class VI  ss (+) RNA transcribed to DNA for 
replication 
0  No known plant infecting viruses 
Animal viruses of this class include 
the human immunodeficiency virus 
(HIV) 
Class VII  ss RNA which does not contain 
structural genes or a coat protein 
16  Viroids 
 
1.2.1 Cucumber Mosaic Virus  
 
Cucumber mosaic virus (CMV) is a member of the Bromoviridae family, genus Cucumovirus. It 
has the widest host range of the plant viruses and is one of the most important pathogens 
affecting crops worldwide. First characterised in cucumber, CMV has been recorded in more 
than 700 hosts, from at least 80 plant families (Lucas, 1998) and affects plants by causing a 
mottling or discoloration and distortion of the leaves, flowers and fruits (Agrios, 2005). Plants 
may be severely stunted or killed as a result of virus infection which greatly reduces the yield 
and quality of the crop produced. Transmission is non-persistent by aphid vectors, although in 
certain species, CMV can be seed borne. 
 
CMV is a member of the single stranded, positive sense RNA viruses (Class IV, Table 1.1), and 
has  a  tripartite  genome  organised  into  five  open  reading  frames  (ORFs)  that  encode  five 
proteins  (Fig.  1.1).  Protein  1a  is  encoded  by  RNA  1  and  is  required  for  viral  replication, 
possessing motifs common to helicase and methyl transferase (Kadare and Haenni, 1997). Both   4 
protein 2a and protein 2b are encoded by RNA 2. Protein 2a is the viral polymerase (Ishihama 
and Barbier, 1994) while protein 2b, which is expressed from a subgenomic RNA, termed 4a 
(Ding et al., 1994), is involved in the long distance movement of CMV within the plant (Soards 
et al., 2002) as well as in the inhibition of post-transcriptional gene silencing (PTGS) (Brigneti 
et al., 1998). RNA 3 encodes the cell-to-cell movement protein, or protein 3a, and the coat 
protein, or protein 3b. The coat protein (CP) is expressed from a subgenomic RNA derived from 
3b termed RNA 4. The CP of CMV is required for functions involving systemic and cell-to-cell 
movement, as well as its transmission via aphid vectors.  
 
Although numerous biologically distinct strains of CMV have been identified, isolates can be 
divided into two main subgroups based on serology, peptide mapping of the viral coat protein 
and  nucleic  acid  hybridisation  (Palukaitis  et  al.,  1992;  Palukaitis  and  Zaitlin,  1997). 
Phylogenetic analysis of the ORF of the CP and examination of the 5’ untranslated region 
(UTR)  of  RNA  3  further  divides  subgroup  I  isolates  into  two  distinct  groups,  IA  and  IB 
(Roossinck et al., 1999). Members of subgroup I and II exhibit up to 75% nucleotide identity, 
while  subgroups  IA  and  IB  are  more  closely  related,  showing  up  to  95%  identity  at  the 
nucleotide level (Roossinck, 2002). RNA organisation and recombination of the 5’ and 3’ UTR 
between open reading frames 3a and 3b appear to be responsible for the variation observed in 
CMV subgroups (Chen et al., 2002; Roossinck, 2002; Roossinck et al., 1999). Examination of 
the selective pressure exerted on the proteins encoded by CMV also indicate that evolution 
occurs at differing rates within the CMV genome and that different selective constraints are 
applied to the different subgroups (Moury, 2004). As adaptation and evolution of viruses is a 
complex  and  continued  process,  the  effective  management  of  these  pathogens  is  extremely 
important and poses an ongoing challenge.   5 
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Figure 1.1. Organisation of the CMV genome (after Hull, 2002 and Roossinck, 2002). RNAs 1, 2 and 3 
encode  the  whole  the  genome.  Subgenomic  RNAs  4  and  4a  are  derived  from  RNA  3  and  RNA  2 
respectively and encode ORFs 3b (coat protein) and 2b (long distance movement and PTGS inhibitor). 
Sizes for the encoded proteins are derived from the CMV Fny strain. 
 
1.2.2 Economic impact of CMV in lupins 
 
In Australia, CMV is an important pathogen for a number of crop species, including leguminous 
plants. In the Mediterranean type climate prevalent in the southern regions of Australia, lupins 
are grown as a broadacre crop, often in rotation with cereals and pastures. Western Australia is 
prominent in lupin production with an estimated 326,000 hectares of lupins planted in the 2009-
2010 season, forecasted to yield 410,760 tonnes (ABARE, 2010). In lupins, CMV is spread 
non-persistently by aphids and is seed-borne. Seed infected plants act as a primary viral source 
from which insect vectors secondarily spread the virus (Thackray et al., 2004). Narrow-leafed 
lupin (Lupinus angustifolius) and yellow lupin (Lupinus. luteus) are the main species grown. 
Both species are susceptible to CMV infection and yield losses of 60% have been observed in   6 
epidemic years (Thackray et al., 2004). Resistance to CMV is present in a number of lupin 
species (Jones and Latham, 1996). In yellow lupin cv Wodjil, a single dominant gene, Ncm-1, 
conferring resistance to CMV has been identified (Jones and Latham, 1996).  
 
The use of virus-resistant cultivars are considered the simplest and most efficient form of viral 
control. The identification of a dominant resistance gene provides a unique opportunity for the 
development of molecular breeding tools and management strategies. 
 
1.3 Disease management 
 
Management systems for plant disease fall into four main categories, namely the use of cultural 
methods, chemical control, biological control and the use of resistant varieties. Of these, by far 
the most cost effective and environmentally stable method for disease control is the use of 
disease resistant varieties. However, many economically important varieties posses no natural 
resistance and thus incorporating resistance by breeding, using endogenous resistance in closely 
related species, is a major aim of plant breeders worldwide.  
 
Breeding for resistance is an integrated process, often limited by the availability of a stable 
source  of  inheritable  resistance  and  the  reliability  of  suitable  screening  methods.  Since the 
development  of  the  genetic  model  of  inheritance  by  Mendel,  the  understanding  of  the 
heritability of traits has greatly improved the selection methods available to breeders. With the 
further knowledge of the structure of chromosomes and the elucidation of the genetic code, 
additional  molecular  tools  were  made  available  for  further  improving  breeding  and  trait 
selection.    7 
1.3.1 Molecular breeding 
 
The linkage between a polymorphic region of genomic DNA and a trait of interest was first 
utilised to produce molecular markers in the early 1980’s (Botstein et al., 1980). Since then, 
numerous techniques have been developed to identify genomic regions of interest and to map 
individual  chromosomes.  The  mapping  of  individual  chromosomes  and  the  production  of 
detailed maps for model plant species have greatly impacted on plant breeding strategies. The 
ability to identify traits by genotype, rather than by phenotype, has allowed breeders to more 
precisely manipulate and select desirable traits. This is of key significance in three main areas of 
molecular plant breeding involving the applications of molecular markers, the elucidation of 
gene action, and the introduction of foreign genetic material. 
 
1.3.2 Marker assisted selection 
 
Since selection by phenotype is often expensive, time consuming and can be difficult to score 
due  to  the  dependence  on  fluctuating  environmental  conditions,  selection  by  genotype  is 
extremely  advantageous.  The  identification  of  molecular  markers  linked  to  particular 
phenotypes and the subsequent elucidation of the corresponding genotypes has been used for 
the selection of plants carrying a trait of interest and is termed marker assisted selection (MAS). 
 
Segregating  populations  are  a  valuable  resource  in  characterising  the  linkage  between  a 
polymorphic marker and a trait of interest. Together with bulked segregant analysis (BSA) 
(Michelmore et al., 1991), the study of segregating populations has been used to identify the 
majority of molecular markers available to date. Molecular markers can potentially be used to 
accelerate  backcrossing  strategies,  selecting  progeny  carrying  the  donor  trait  present  in  a 
predominantly  recurrent  background.  In  addition,  plants  can  be  sampled  as  seed  or  at  the   8 
seedling stage and multiple characteristics, which may normally be epistatic with one another, 
may be screened concurrently (Tanksley et al., 1989).  
 
1.4 Molecular markers : a brief overview 
 
1.4.1 Early marker development 
 
Molecular markers have been advanced substantially since the first development of assays to 
identify linkage to traits. Prior to the advent of DNA based markers, the first molecular markers 
used  in  plant  genetics  were  based  on  biochemical characteristics. The linkage  of  particular 
isozymes, which are multiple forms of the same enzyme, to traits, were among the first markers 
used  in  breeding  strategies  (Poehlman  and  Sleper,  1995).  Although  more  diverse  than 
morphologically based markers, isozymes are less polymorphic than the DNA based markers 
with only limited numbers of isozymes available for use. 
 
1.4.2 Genetic profiling 
 
With  the  development  of  molecular  biology,  techniques  such  as  restriction  endonuclease 
digestion of genomic DNA facilitated the development of genotype specific identification. The 
use of DNA based markers was first proposed by Botstein (1980) where Restriction Fragment 
Length Polymorphisms (RFLP) were used in the construction of a linkage map. Based on the 
generation  of  unique  banding  patterns  assayed  using  specific  sequence  probes,  RFLP  is 
dependent on a combination of restriction enzyme digestion and fragment identification via the 
use of appropriate probes. Since restriction enzymes are sequence specific, any alteration at the 
recognition site in genomic DNA will result in the production of an altered banding profile. The 
use of RFLP to identify polymorphic loci, which can be linked to traits of interest, has been 
applied to numerous crop species for numerous quantitative and qualitative traits (for review see   9 
Tanksley et al., 1989). Although reproducible and reliable, the use of RFLPs is limited by a 
number of factors. The dependence of RFLP on Southern hybridization and requirement for 
large  quantities  of  DNA  make  the  technique  both  labour  intensive  and  time  consuming, 
inhibiting  automation.  Consequently,  implementation  of  RFLP  markers  into  conventional 
breeding programs is often difficult and not cost effective  (Lee and Penner, 1997). Further 
advances in molecular techniques have resulted in the development of new technologies which 
have proven to be more efficient and cost effective. 
 
1.4.3 PCR-based molecular markers 
 
The  development  of  the  Polymerase  Chain  Reaction  (PCR)  was  a  pivotal  point  in  the 
advancement  of  molecular  marker  technology.  Due  to  the  efficiency  of  PCR,  using  a 
thermostable DNA polymerase, genome specific markers could now be identified and rapidly 
implemented in a cost effective fashion. PCR requires a small amount of DNA template which 
can be obtained from tissue at any stage of development. It is robust in nature, allowing small 
amounts of lower quality DNA to be utilised reliably in screening assays, thereby reducing the 
labour input as well as introducing the potential for automation (Ribaut and Hoisington, 1998). 
Since the development of PCR, numerous techniques have been made available for use in MAS. 
Mutations  targeted  for  PCR  can  be  based  on  dominant  or  co-dominant  markers.  Dominant 
markers rely on the presence or absence of a particular mutation, which alters the binding site 
targeted by the primers. The amplification of a product indicates the presence of one allele, 
while the absence of any product will indicate the presence of the alternative allele. PCR based 
markers can also be used to detect the location of an insertion or deletion (InDel) mutation 
within the genomic target region. When this region is amplified and the size of the resulting 
products determined, a characteristic banding pattern is generated. InDels of this nature can be 
utilised as co-dominant markers and have the potential to identify individuals who carry either 
(homozygotes) or both (heterozygotes) alleles (Weining and Langridge, 1991). The success of   10 
PCR based MAS is dependent, at a certain level, on the availability of sequence information. 
The  knowledge  of  the  specific  nucleotide  sequences  of  the individual alleles  facilitates the 
development  of  a  gene  targeted  approach.  When  no  sequence  information  is  available, 
alternative methods must be used. 
 
1.4.4 Multiple Arbitrary Amplicon Profiling (MAAP) 
 
The first generation of PCR based markers, designed to overcome the limitations of RFLPs, 
involved the random production of amplicons using arbitrary primers. These oligonucleotide 
primers were commonly 5-30bp in size and were not specifically targeted to any regions of the 
genome.  The  use  of  arbitrary  primers  is  extremely  advantageous  where  there  is  no  prior 
knowledge  of  the  template  sequence.  Large  numbers  of  polymorphic  fragments  can  be 
generated (for review, see Caetano-Anollés et al., 1994). Methods such as DNA amplification 
fingerprinting (DAF), arbitrarily primed PCR (AP-PCR) and random amplified polymorphic 
DNA  (RAPD)  all  fall  within  this  category  of  molecular  markers.  Although  a  significant 
improvement on RFLP technology, MAAP based techniques are not without limitations. Due to 
the non-specific nature of the primers, PCR cycle conditions can greatly influence the genetic 
profiles generated. Slight variations in the stringency of the PCR conditions can result in the 
production  of  entirely  different  products  and  great  care  must  be  taken  to  ensure  constant 
conditions between samples. 
 
1.4.5 Amplified Fragment Length Polymorphisms (AFLP) 
 
Similar to MAAP derived techniques but utilising a more specific approach, AFLPs (Vos et al., 
1995) are based on the amplification of restricted fragments produced from a total genome 
digest. However, AFLP involves the use of adapter sequences which are ligated to the digested 
products.  Primer  sequences,  specific  for  these  adapters,  are  utilised  to  selectively  amplify   11 
fragments,  resulting  in  a  robust  and  reproducible  technique.  With  fluorescence  technology 
greatly  increasing  the  numbers  of  polymorphic  fragments  generated  per  sample,  the  broad 
application of AFLPs has resulted in their use in a wide range of genetic studies including 
population genetics, DNA fingerprinting and Quantitative Trait Loci (QTL) mapping (Mueller 
and  Wolfenbarger,  1999).  AFLP  has  also  widely  been  used  in  the  construction  of  detailed 
genetic maps (Crespel et al., 2002; Nishi et al., 2003) as well as in identification of molecular 
markers for use in MAS (Prins et al., 2001; Ni et al., 2001; Dussle et al., 2002; Guo et al., 
2003).  Molecular  markers  generated  using  AFLP  are  dominant  markers  and  additional  co-
dominant markers are required in mapping related studies.  
 
1.4.6 Simple Sequence Repeats (SSR) 
 
Repetitive  elements  within  the  genome  are  often  attractive  targets  in  the  identification  of 
molecular markers as they are highly variable. Microsatellites or SSRs, are short sequences 
usually consisting of between two to five nucleotide motifs tandemly repeated. As they are 
primarily  non-coding,  reduced  conservation  pressure  exists  on  these  regions,  making  them 
prone to mutation. The polymorphism of SSRs is postulated to be the result of polymerase 
slippage during replication or unequal crossing over (Levinson and Gutman, 1987). Variation in 
the number of repeats often exists between individuals and can be detected by amplification 
using primers targeted to specific conserved regions flanking the microsatellite locus (Struss 
and Plieske, 1998). The use of microsatellites as DNA markers is highly advantageous as not 
only are they highly polymorphic but they are also highly abundant, co-dominantly inherited, 
multi-allelic, highly reproducible and analytically simple (He et al., 2003a). SSR markers have 
been used to generate genetic maps in a variety of crop species (He et al., 2003b; Hwang et al., 
2009; Garvin et al., 2010) as well as to identify trait linked markers for use in MAS (Vuong et 
al., 2010).   12 
1.4.7 Single Nucleotide Polymorphisms (SNP) 
 
Considered to be the most abundant type of polymorphism in the genome, SNPs collectively 
refer  to  single  DNA  base  differences  and  small  insertions/deletions  (InDels)  between 
homologous DNA fragments (Zhu et al., 2003). In humans, SNPs occur at a frequency of about 
one per 1000bp (Wang et al., 1998) while in Arabidopsis thaliana, one SNP occurs, on average, 
within an interval of less than 300bp (Schmid et al., 2003). The frequency and nature of SNPs 
offers a number of key advantages over existing marker technology. SNPs are not only highly 
abundant, but exist mostly in only two co-dominant variants and are generally phenotypically 
neutral  in  nature  (Berger  et  al.,  2001).  In  comparison  to  microsatellite  markers,  SNPs  are 
simpler,  more  stable,  and  commonly  occur  in  transcribed  sequences  making  them  highly 
suitable  for  high  throughput  genotyping  (Sachidanandam  et  al.,  2001;  Torjek  et  al.,  2003). 
However, although SNPs, in theory, may be bi-, tri-, or tetra-allelic polymorphisms, they are 
most commonly only bi-allelic, making them less informative in general, than other forms of 
genetic  markers  (Griffin  et  al.,  1999).  It  has  been  estimated,  that  when  compared  to 
microsatellite markers, 2.25 to 2.5 SNPs are required to equal the power of one microsatellite 
marker (Kruglyak, 1997). SNP genotyping is currently achieved using a variety of techniques 
(for reviews, see Kwok, 2001 and Gut, 2001). These procedures are differentiated, in part, by 
the techniques utilized to discriminate between specific sequences and include allele-specific 
hybridization, allele-specific  nucleotide  incorporation,  allele-specific  oligonucleotide  ligation 
and allele-specific invasive cleavage. Similar to microsatellite markers, SNPs are identified via 
direct comparison of homologous DNA sequences and are therefore highly dependent on the 
availability of sequence information.    13 
1.5 SNP genotyping 
 
1.5.1 Cleaved Amplified Polymorphic Sequence (CAPS) markers 
 
Although  abundant  and  easily  identifiable,  the  genotyping  of  SNPs  has  frequently  been 
hindered  by  the  requirement  for  highly  specialized  and  expensive  equipment,  limiting  the 
application and practicality of the assays. The detection of an SNP by simple restriction enzyme 
digestion is possible in cases where the SNP alters or introduces a restriction endonuclease 
recognition site. When combined with a PCR assay, SNPs of this nature can be analysed as 
cleaved amplified polymorphic sequence (CAPS) markers (Parsons and Heflich, 1997) and this 
is one of most cost effective methods of SNP genotyping. Where a SNP does not result in the 
alteration of a restriction enzyme recognition site, an estimated 50% of all SNPs (Landegren et 
al., 1988), mismatched primers may be utilized in order to create a site (Neff et al., 1998). 
Primers designed for this dCAPS assay are required to generate an allele specific restriction site 
and are genotyped as per the standard CAPS assay. In practice, although SNPs can be readily 
converted to CAPS markers, a number of limitations still exist in the implementation of CAPS 
assays. On analysis of SNPS derived from expressed sequence tag (EST) sequences of eight 
barley  accessions,  90%  of  the  identified  SNPS  were  predicted  to  be  convertible  to  CAPS 
markers, however, only 31% of the identified CAPS markers utilized the 10 most common 
restriction enzymes (Thiel et al., 2004). 
 
1.5.2 Single Nucleotide Primer Extension (SNuPE) Assay 
 
In situations were SNPs cannot be detected via conventional gel dependent techniques, methods 
reliant on intrinsic differences are required. Based on the molecular weight differences observed 
in nucleotides and the specificity of the DNA polymerase catalysed primer extension, the single 
nucleotide primer extension assay (SNuPE) is used to determine the specific base incorporated   14 
at a certain locus (Haff and Smirnov, 1997). A genotyping primer, designed with the 3’ end 
flanking the SNP, is hybridized to the target sequence. Extension of a single dideoxynucleotide 
(ddNTP), complementary  to  the  SNP is induced. The  exact nucleotide  incorporated  can  be 
detected by a change in the size of the primer extension and characterised by methods such as 
matrix-assisted  laser  desorption/ionisation  time-of-flight    mass  spectrophotometry  (MALDI-
TOF MS) (Fei and Smith, 2000) or laser induced fluorescence capillary electrophoresis (Matyas 
et  al.,  2002).  The  analysis  of  SNuPE  using  the  MALDI-TOF  MS  is  highly  advantageous. 
Accurate, absolute molecular weight data can be rapidly generated and rare alleles detected in 
the presence of a background excess of wild type allele as great as 10
4 fold (Fei and Smith, 
2000).  
 
1.5.3 Next generation technologies for high density association mapping of SNPs 
 
Because they are prevalent in a genome, SNPs make attractive targets for mapping experiments. 
However, for applications such as association mapping and the construction of high density 
maps, where multitudes of SNPs need to be genotyped across a large number individuals, the 
high cost of sequence based technologies and the restrictions of the data outputs limited their 
applications.  With  the  advent  of  new  technologies  and  sequencing  platforms,  parallel 
sequencing at high resolution is now possible (for review see  (Lister and Ecker, 2009) and 
(Shendure and Ji, 2008). Assays such as the Illumina GoldenGate assay, in combination with 
the Illumina Bead array platform have been successfully used for the SNP genotyping of species 
such as soybean and wheat (Hyten et al., 2008; Akhunov et al., 2009) . Capable of multiplexing 
96 to 1,536 SNPs in a single reaction, the GoldenGate assay uses two allele specific primers to 
differentiate between the two allelic states at a give SNP locus (Fan et al., 2003). A third locus 
primer  designed  to  anneal  downstream  to  the  SNP is  used  identify  the  SNP in  subsequent 
reactions. The incorporation of fluorescent signals and annealing to a bead array is required for 
genotype calling (Akhunov et al., 2009). The success rate for the conversion of SNPs to allelic   15 
data in complex genomes such as soybean and wheat is as high as 89% and 84% respectively 
(Hyten et al., 2008; Akhunov et al., 2009), indicating that high density mapping is possible 
using SNPs. 
 
1.6 Disease Resistance 
 
 
Plants have developed a variety of strategies to defend themselves against pathogen attack. 
Physical barriers such as cell walls and waxy layers provide a passive defence against pathogens 
(Knogge, 1996). Together with antimicrobial compounds such as toxic secondary metabolites 
and hydrolytic enzymes, these defence mechanisms are a plant’s primary source of protection 
against  disease.  Usually  pathogen  specific,  these  primary  defence  responses  are  exhibited 
throughout an entire plant species and is classified as a nonhost response (Mysore and Ryu, 
2004) If these mechanisms are breached however, a second line of defence mediated by proteins 
encoded by specific resistance (R) genes are activated.  
 
R gene products mediate resistance in a variety of ways. They may be activated at the species 
level (non-host), be race-specific or race non-specfic (Hammond-Kosack and Parker, 2003). 
Hm1  confers  resistance  to  the  fungus  Cochliobolus carbonum  (Johal  and  Briggs,  1992)  by 
encoding an NADPH-dependent reductase. The R gene product acts as a detoxifying enzyme, 
inactivating the HC-toxin produced by the fungus. R gene products can also act as pathogenicity 
targets, conferring susceptibility to a pathogen. Maize varieties carrying the T-urf13 gene are 
susceptible to the fungus Bipolaris maydis, race-T (Braun et al., 1989). Maize plants lacking T-
urf13  are  resistant  to  the  fungus.  The  most  common  mechanism  of  resistance  however,  is 
mediated by the R gene product recognising in a pathogen a corresponding avirulence gene 
product.  This  known  as  the  gene-for-gene  response  and  is  often  characterised  by  a 
hypersensitive response (HR).   16 
1.6.1 The Hypersensitive Response (HR) 
 
First identified by Stakman in 1915, the hypersensitive response is defined as a rapid, localised 
necrosis of plant cells at the site of pathogen infection (Stakman, 1915). It has been observed in 
resistant plants in response to pathogens as diverse as fungi, bacteria, nematodes and viruses. 
Occurring at the site of pathogen entry, the HR involves a programmed cell death at and around 
the site of infection. This is accompanied by the induction of a suite of plant defences, which 
confine the pathogen and protect the plant (Lam et al., 2001). Activation of a local HR can also 
induce a systemic acquired resistance (SAR) (Kombrink and Schmelzer, 2001), where parts of 
the plant, distal from the site of HR exhibit resistance to a range of pathogens. SAR requires the 
signal molecule salicylic acid and is characterised by the increased expression of a large number 
of pathogenesis-related proteins (Durrant and Dong, 2004).  
 
The HR shows many similarities to the programmed cell death of animals (Heath, 1998; Richael 
and  Gilchrist,  1999),  however  many  morphological  changes  characterising  mammalian 
apoptosis,  such  as  the  condensation  of  chromatin  and  cellular  fragmentation  into  apoptotic 
bodies are absent from HR (Heath, 1998). Although commonly observed in many resistance 
reactions,  HR  is  not  essential  for  disease  resistance.  Under  high  humidity,  resistance  to 
particular pathotypes of Cladosporium fulvum, mediated by the Cf family of genes in tomatoes, 
will occur in absence of any visible HR (Hammond-Kosack and Jones, 1996). Similarly, the 
barley mlo gene will mediate resistance to Erysiphe graminis f. sp. hordei (powdery mildew) 
without  invoking  a  visible  HR  (for  review,  see  Shirasu  and  Schulze-Lefert,  2000).  Viral 
replication can also be suppressed independent of HR associated cell death. Potato Rx resistance 
can  be  activated  to  levels  sufficient  to  suppress  viral  replication  with  no  observable  HR 
(Bendahmane et al., 1999). The ability of plants to mount a resistance response in the absence of 
HR suggests that HR may be a final stage response, employed only if a cellular threshold of 
defence  stress  is  reached  (Lam  et  al.,  2001).  The  maintenance  of  such  a  complex  and   17 
multicomponent defence response requires the contribution of substantial cellular resources, 
metabolic  re-allocation  and  extensive  genetic  input.  These  must  be  tightly  regulated  and 
activated only in the case of pathogen invasion. As plants do not possess antibody immunity, 
resistance  is  regulated  by  a  set  of  resistance  genes,  which  serve,  on  interaction  with 
corresponding pathogen avirulence genes, to provide a defence response. 
 
1.6.2 Gene-for-gene interaction 
 
Disease resistance via the genetic interaction between plant and pathogen was first identified by 
Flor in 1942 (Flor, 1942; Flor, 1955). On studying flax and its interaction with the rust pathogen 
Melampsora lini, Flor observed that dominant avirulence (Avr) genes in the fungus interacted 
with  corresponding  dominant  R  genes  in  the  plant  to  produce  an  avirulence  response.  He 
postulated that products of the pathogen Avr gene were recognised by products of the plant R 
gene, eliciting an HR response leading to resistance (Figure 1.2) (Flor, 1971). This genetic 
model of plant-pathogen interaction has been extended to a large variety of disease resistance 
responses and is the most widely studied mechanism of disease resistance. 
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Figure 1.2: The gene for gene interaction. Resistance is only expressed when a plant containing a specific 
R  gene  recognises  a  corresponding  avirulence  gene  expressed  in  the  pathogen.  Incompatible 
combinations of plant/pathogen recognition result in the susceptibility of the plant to disease infection.     18 
1.6.3 R gene structure 
 
Genetic analysis of the predicted protein structure of R genes isolated from a range of plants, 
conferring  resistance  to  the  major  plant  pathogens,  reveals  a  conservation  of  a  number  of 
structural motifs (Figure 1.3). This conservation implies that the basic mechanisms of disease 
recognition  and  defence  signalling  have  been  retained  throughout  plant  evolution  and 
diversification (Hammond-Kosack and Parker, 2003). Based on these protein domains, R genes 
can be grouped into a number of major classes (Table 1.2). The most common of these encodes 
a  leucine  rich  repeat  (LRR)  /  nucleotide  binding  site  (NBS)  intracellular  protein.  Further 
subdivision of the LRR/NBS group of R genes is possible based on their N-terminus structure. 
The presence of a TIR (Toll and Interleukin-1 receptor like) domain, which exhibits homology 
to the Drosophila Toll and mammalian Interleukin-1 receptor characterises one subclass of the 
NBS-LRR group. Typically in plants, the TIR domain is localised with the nucleotide binding 
(NB)-ARC  domain  and  the  LRR.  The  NB-ARC  domain  consists  of  a  homologous  region 
between Apaf1, R proteins and Ced4 (Van der Biezen and Jones, 1998). The ARC domain is 
further divided two units, ARC1 and ARC2, which are structurally and functionally distinct 
(Rairdan and Moffett, 2006). Together with the NBS, the ARC domain functions to form a 
nucleotide binding pocket (Tameling et al., 2002). R genes without the TIR domain typically 
contain a coiled-coil (CC) structure which can be in the form of a leucine zipper. The largest 
subclass  of  CC-NBS-LRR  proteins  typically  possess  the  EDVID  motif  which  defines  this 
subclass (Rairdan et al., 2008). Less prevalent are the remaining classes of R-proteins. These 
include  extracellular  LRR  proteins  (eLRR),  which  contain  a  single  transmembrane  domain 
associated either with a short intracellular C-terminal or a kinase domain, and the ser/thr kinase 
proteins.  R  proteins  with  a  Solanaceae  domain  (SD)  (Mucyn  et  al.,  2006)  attached  to  or 
replacing the coiled coil domain or a BED DNA binding domain (BED) (Bai et al., 2002; 
Tuskan et al., 2006) have been observed. A number of NBS-LRR R proteins have also been 
found to be without sequence proceeding the NBS domain. These R proteins are predicted to be   19 
of both the TIR and non-TIR or CC class R proteins based on the configuration of their NBS-
ARC domain (Porter et al., 2009). Common variations in the NBS-LRR class of R genes are 
presented  in  Figure  1.4.  To  date,  no  other  function  other  than  disease  resistance  has  been 
attributed to these genes. 
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 Figure 1.3 A schematic representation of the predicted domains of the most prevalent classes of R genes 
and their location within the cell. Examples of known R genes which fall into each class are listed below 
each structure.   
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Table  1.2:  Classification  of  plant  disease  resistance  genes  (Modified  and  expanded  from  Hammond-
Kosack and Parker, 2003). CC- coiled coiled; LRR – leucine rich repeat; eLRR – extracellular LRR; NBS 
– nucleotide binding site; TIR – toll and interleukin-1 receptor like; TM – transmembrane. 
 
 
Class  Gene  Avr  Plant  Pathogen  Predicted  
Structure  Reference 
1  Hm1    Maize  Helminthosporium  
maydis (race 1)  HC toxin reductase  Reviewed (Slot and 
Knogge, 2002) 
2  Asc-1    Tomato  Alternaria alternate f. 
sp. Lycopersici   TM helix-LAG1 motif  (Brandwagt et al., 2000) 
3A  Pto  avrPto  Tomato  Pseudomonas 
syringae p.v. tomato 
Intracellular Ser/Thr 
protein kinase 
Reviewed (Slot and 
Knogge, 2002) 
3B  PSB1  avrPphB  Arabidopsis 
Pseudomonas 
syringae pv. 
phaseolicola 
Ser-Thr- Kinase  (Swiderski and Innes, 
2001) 
4A  RPS2  avrRpt2  Arabidopsis 
Pseudomonas 
syringae p.v. 
maculicola 
CC-NBS-LRR  (Bent et al., 1994) 
  RPM1  avrRpm1/
avrB  Arabidopsis  Pseudomonas 
syringae  CC-NBS-LRR  (Boyes et al., 1998) 
4B  N  Replicase/
helicase  Tobacco  Tobacco mosaic virus  TIR-NBS-LRR  (Whitlam et al., 1994) 
  L5, L6, 
L7  AvrL567  Flax  Melampsora lini  TIR-NBS-LRR  (Lawrence et al., 1995) 
4C  Bs2  avrBs2  Pepper  Xanthomonas 
campestris  NBS-LRR  (Tai et al., 1999) 
4D  RRS-1    Arabidopsis  Ralstonia 
solanacearum 
TIR-NBS-LRR-NLS-
WRKY  (Deslandes et al., 2002) 
4E  Pi-ta  avrPita  Rice  Magnaporthe grisea  NBS-LRD  (Bryan et al., 2000) 
5A  Cf-9  Avr 9  Tomato  Cladosporium fulvum  eLRR-TM-sCT  (Jones et al., 1994) 
5B  Ve1    Tomato  Verticillium albo-
atrum  CC-eLRR-TM-ECS  (Kawchuk et al., 2001) 
  Ve2    Tomato  Verticillium albo-
atrum  eLRR-TM-PEST-ECS  (Kawchuk et al., 2001) 
6  Xa21    Rice  Xanthomonas oryzae  eLRR-TM-Kinase  (Song et al., 1995) 
7  RPW8.1, 
RPW8.2    Arabidopsis  Powdery midlew 
species 
Small CC-membrane 
protein  (Xiao et al., 2000) 
8  Rpg1    Barley  Puccina graminis  Receptor Kinase-Kinase  (Brueggeman et al., 2002) 
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Figure 1.4 : Typical structure of the NBS-LRR class of R genes (after Collier and Moffett, 2009). 
Variations within the N terminus are detailed and discussed in the text. 
 
 
1.7 Conserved R protein structures and their functions 
1.7.1 Leucine Rich Repeats (LRR) 
 
The most common of the conserved R gene motifs, the LRR domain consists of a series of 
tandem repeated motifs of approximately 24 amino acids. It is comprised of a highly conserved 
backbone of leucine, and frequently asparagine and proline, residues where  the intervening 
residues vary. Present in a variety of proteins, the LRR functions largely in mediating protein-
protein interactions and signal transduction and is responsible for determining specificity in the 
gene-for-gene interaction (Ellis et al., 2007; Rairdan and Moffett, 2006). Although the crystal 
structure of plant LRR genes has yet to be determined, comparative analysis indicates that the 
repeated motifs form a  structural unit. These units assemble to form parallel  sheets with 
the  variable,  non-leucine  residues  exposed  to  the  solvent  phase  so  that  the  protein  is  non 
globular  in  shape  (Kobe  and  Deisenhofer,  1994).  This  positioning  of  the  variable  residues 
would promote interaction with avirulence ligands and thus function to determine resistance   22 
specificity. The role of LRR in recognition is further supported by examining plants where 
resistance has been altered by mutation. In the case of both RPM1 and Pi-ta resistance genes, 
loss-of-function alleles were found to contain only minor mutations in LRR domain (Grant et 
al., 1995; Bryan et al., 2000). Domain swapping of the LRR region in alleles of the flax rust 
resistance gene L has also shown that specificity resides in this region. Recombinant alleles of 
L10 and L6, with the LRR domain of L2, were found to confer L2 resistance specificity (Ellis et 
al., 1999). The role of the LRR domain in the recognition of avirulence proteins is also observed 
in  the  indirect  activation  of  a  number  of  R  proteins.  Activation  of  the  RPS5  R  protein  is 
mediated by the cleavage of PBS1 kinase by AvrPphB protease (Shao et al., 2003) and the 
proteolytic removal of RIN4 by AvrRpt2 is required for the activation of RPS2 (Axtell and 
Staskawicz, 2003). 
 
1.7.2 Nucleotide binding site (NBS) 
 
The NBS domain of R genes is characterised by a number of sequence motifs, which are present 
in many animal ATP and GTP binding proteins. These include the Ras superfamily and the 
caspase pathway related Ced-4 and Apaf-1 genes (Van der Biezen and Jones, 1998). Although 
the function of the NBS has not yet been elucidated, in animals, Ced-4 and Apaf-1 regulate 
protease  activity,  which  can  initiate  apoptotic  cell  death.  As  disease  resistance  commonly 
involves an apoptotic-like cell death in the form of the hypersensitive response, this homology 
may provide an insight into the functional mechanisms of R genes of this class. The homology 
of the NBS to the Ras superfamily however, indicates an alternative function for this domain. 
Structural modelling of a subset of the NBS region indicated identity to the receiver domain of 
His-Asp phosphoproteins, which are common to prokaryotic signalling pathways (Rigden et al., 
2000). This suggests that the NBS may function within the phospho-relay, moderating the inter- 
or intra-molecular activity of the protein. Mutational studies within highly conserved areas of 
the NBS have shown the importance of the NBS to R-gene function. Mutation at G216 or   23 
K222in the tobacco mosaic virus resistance gene N, resulted in a complete loss of the N-gene 
action (Dinesh-Kumar et al., 2000). Phylogenetic studies of the NBS reveal that two distinct 
groups exist within this domain and can be differentiated by their association with distinct N-
terminal motifs (Pan et al., 2000). Group I NBS domains are characterised by association to an 
N-terminal TIR motif, while Group II NBS domains are associated with an N-terminal CC 
region. Interestingly, TIR associated Group I NBS sequences have not been detected in any 
cereal  species,  whereas  Group  II  associated  genes  are  found  in  both  monocotyledons  and 
dicotyledons, suggesting the divergent evolution of R-genes in the major classes of land plants 
(Pan et al., 2000). 
 
1.7.3 TIR domain 
 
The similarities between the plant TIR domain and the Drosophila Toll and mammalian IL-1 
receptor,  indicates  that  proteins  carrying  these  motifs  may  operate  in  a  similar  manner  to 
provide innate immunity. In humans, the TIR domain of TLR2 and TLR4 show marked surface 
conservation and function to bind MyD88, a signal adapter molecule which is essential for 
signal transduction of the immune response (Xu et al., 2000). Although no MyD88 homolog has 
been identified in plants, R genes within the TIR/LRR/NBS family have been shown to require 
the  enhanced  disease  susceptibility  locus  1  (EDS1)  for  function,  suggesting  that  similar 
signalling mechanism may occur (Aarts et al., 1998b). The TIR domain has also been shown to 
be  essential for  N  gene mediated tobacco  mosaic virus  resistance  in tobacco.  Interestingly, 
mutation in amino acids which affect TIR dependent signalling in Drosophila melanogaster and 
humans, also affect N gene mediated resistance, causing partial or full loss of function (Dinesh-
Kumar et al., 2000). 
 
The recognition of individual pathogen derived avirulence ligands is not limited to the LRR 
domain. Sequence analysis of the flax L6 and L7 R genes, which mediate resistance to different   24 
rust strains, reveals that they are identical except for 11 amino acids in the TIR region (Ellis et 
al., 1999). In addition, when the L6 and L7 TIR domains are swapped, their specificity is also 
swapped  (Luck  et  al.,  2000).  Site  directed  mutagenesis  of  the  TIR  domain  of  RPS4  also 
produced a number of loss of function mutations together with a number of gain of function 
substitutions (Swiderski et al., 2009). These results demonstrate that the TIR domain also has a 
function in determining recognition although regions external to the TIR also contribute to cell 
death signalling.  
 
1.7.4 Non-TIR subfamily 
 
Also associated with the NBS-LRR family of resistance genes, the coiled-coiled (CC) domain 
typically  consists  of  bundles  of  two  to  five  helices.  The  side  chains  of  these  helices  are 
distinctively packed in such a way that the side chain of one helix packs into a space surrounded 
by four side chains from another helix (Pan et al., 2000). The structure of the CC motif involves 
a series of heptad repeats where the position of each side chain is labelled, a to g. Due to the 
chemical nature of the side chains, positions a and d are hydrophobic and form the interface for 
the coil interaction (Lupas, 1996). A further member of this subfamily is seen if a dominant 
leucine is present at position d. This forms a leucine zipper structure and to date only the RPS2 
resistance gene can be classified into this category. The presence of CC-associated R-genes in a 
number of eudicot and cereal species suggests that the functionality may be related to that of the 
TIR, as an adapter facility (Fluhr, 2001). Work on the Arabidopsis RPW8 R-gene however, 
indicates that a  function  similar to the  recognition role  of  the  LRR  may  exist.  The  RPW8 
resistance gene contains a CC domain which appears at the C-terminal of a putative signal 
peptide  or  transmembrane  domain  (Xiao  et  al.,  2001).  No  LRR  is  associated  with  RPW8. 
However,  RPW8  requires  the  presence  of  Eds1,  an  R  gene  signaling  component,  for 
functionality. It is possible therefore, in this context, for the CC to act directly in the   25 
recognition of avirulence factors or to facilitate recognition by alternative molecules  (Fluhr, 
2001).  
 
1.7.5 Kinase domain 
 
Unlike the majority of resistance genes so far identified, R-genes within the family containing a 
kinase domain have no association with an LRR motif. Encoding a ser/thr protein kinase, the 
tomato  Pto  R-gene,  which  characterizes  this  class  of  R-genes,  shows  striking  homology  to 
interleukin-1 receptor associated kinase and Pelle kinases, which act downstream in the animal 
TIR-LRR directed immune response (Martin et al., 1993). Although lacking a LRR motif, the 
Pto  resistance  gene  requires  the  presence  of  Prf  (Pseudomonas  resistance  and  fenthion 
sensitivity) to function (Salmeron et al., 1996). The dependence of Pto on this NBS-LRR like 
protein  suggests  that  LRR  and  non-LRR  R  genes  may  utilise  common  pathways  in  their 
mechanism of action. The Pto gene exists as a member of a complex locus of five tandemly 
aligned, closely related ser/thr protein kinases. In contrast to other resistance loci, only one 
resistance specificity has been mapped to the Pto locus of tomatoes. 
 
1.8 R gene – Avr recognition 
 
1.8.1 R gene recognition complexes 
 
The recognition of R proteins for distinct Avr products, in compliance with the gene-for-gene 
model of disease interactions, provides a logical prediction for a model to explain the interaction 
between  R  gene  products  and  their  Avr  effectors.  As  R  proteins  recognise  corresponding 
pathogen  avirulence  proteins,  R  genes  should  logically  encode  receptor  molecules  which 
physically interact with the products of Avr genes (Figure 1.5). This would result in pathogen 
recognition and subsequently trigger a cascade of defence responses resulting in resistance. The   26 
predicted structure and location for R and Avr proteins have been consistent with this receptor 
ligand model of interaction. Plant virus avr genes encode virus essential components such as the 
coat  protein  and  the  replicase  protein  (Bonas  and  Lahaye,  2002).  In  numerous  cases,  the 
recognition specificity of viral Avr proteins is lost by amino acid substitution within regions 
which  do  not  significantly  compromise  the  protein’s  function  in  pathogenesis  (Hammond-
Kosack and Jones, 1997). This loss of specificity indicates that structural integrity is essential 
for the perception of viral Avr proteins, supporting the model that R and Avr proteins interact 
directly as in a receptor-ligand model (Bonas and Lahaye, 2002). Direct R protein – Avr product 
interactions, however, have only been demonstrated for Pto with AvrPto or AvrPtoB (Kim et 
al., 2002; Tang et al., 1996), Pi-ta with AVR-Pita (Jia et al., 2000) and RPS2 with AVRRpt2 
(Leister and Katagiri, 2000). This lack of extensive direct interaction, despite detailed studies, 
indicates that multi-receptor complexes may be involved in pathogen recognition.  
 
1.8.2 Guard model for R gene interaction 
 
Although numerous alternative models for R protein – Avr product interaction exists, the most 
influential  hypothesis  concerns  pathogen  recognition  via  the  formation  of  a  multi-protein 
receptor complex. Known as the guard model (Dangl and Jones, 2001), the hypothesis is based 
on the dual requirement of Prf and Pto in AvrPto induced resistance (Van der Biezen and Jones, 
1998). In this model, Pto is considered to be the virulence target of the Avr or effector protein 
AvrPto.  The  R  protein,  Prf,  functions  as  a  ‘guard’  by  recognizing  the  effector  (AvrPto)  – 
virulence target (Pto) complex and activating defence responses (figure 1.5). Although no direct 
experimental evidence exists to prove this model, the increasing numbers of R proteins found to 
require additional host proteins for recognition and the similarity of their predicted structure to 
virulence targets, together with the lack of direct interaction between the R protein and its 
corresponding Avr protein, seems to support the guard hypothesis. The guard model is further 
supported by data on the evolutionary frequencies of R genes, indicating that the balancing   27 
selection observed for R genes favours the function of R proteins as guards (Van der Hoorn et 
al., 2002). Variations of the guard model have been proposed. These include the recognition of 
an effector – virulence target complex following an effector dependent phosphorylation of the 
target (Mackey et al., 2002) or following a proteolytic processing of the target by the effector 
(Shao et al., 2002) and the induction of a conformational change in the target protein by the 
effector which disrupts a constitutive interaction of the target complex with the guard protein 
(Dangl and Jones, 2001). Recognition of the effector protein, in the majority of the proposed 
variations to the guard model, is an indirect result of an effector – target interaction. In the 
absence  of  the  guard  protein,  interaction  of  the  effector  and  the  target  is  thought  to 
downregulate plant defence, assist in releasing nutrients to the apoplast or to contribute to in 
someway to pathogensis (Martin et al., 2003).  
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Figure  1.5:  Comparisons  of  the  popular  models  for  R  gene  /  effector  interactions.  Modified  from 
Glowacki et al, 2010. (a) The classical gene for gene model. See Figure 1.2 for a detailed summary. (b) 
The guard model of interaction. A guard protein, usually an NBS-LRR receptor, guards the target protein 
of the pathogen effector (guardee). Resistance is a result of structural and/or functional changes produced 
in the host in a compatible reaction, no direct detection of the pathogen effector occurs. (c) The decoy 
model  of  interaction.  ‘Decoy’  proteins,  similar  to  that  of  those  targeted  by  pathogen  effectors,  are 
generated by plants in certain plant pathogen interacts. These function to bind effectors and mediate 
effector interactions with R proteins.   28 
 
Interestingly, in the case of Pto-mediated resistance, for which the guard model was originally 
conceived, evidence now exists which suggests that the guard model does not apply. This is 
supported by the function of AvrPto in the absence of Pto, and that mutants of AvrPto, which 
did not interact with Pto, retained virulence function but did not elicit a defence response (Shan 
et al., 2000). AvrPto has also been observed to interact with other potential virulence targets 
which were distinct from Pto and, in the presence of AvrPto, a number of downstream signaling 
components interact with the Pto protein (Bogdanove and Martin, 2000). Although it is possible 
that a multiprotein complex involving AvrPto, Pto and Prf is formed, AvrPto does not appear to 
target the Pto virulence protein (Martin et al., 2003). Several additional models, some consistent 
with the function of R proteins as guards, have been proposed to explain the Pto (or other R 
protein) – mediated recognition of effector proteins (for a review, see Martin et al., 2003). It is 
likely, given the diversity seen amongst R proteins, that recognition interactions are also varied 
and that multiple mechanisms and models for protein-protein interactions exist. 
 
1.8.3 Decoy model for R gene interaction 
  
Although  the  guard  model  for  disease  resistance  is  well  supported,  a  number  of  R  gene 
interactions have been identified which can not be explained via this theory. Within the guard 
model, resistance proteins were thought to act by monitoring or guarding the target of their 
corresponding pathogen effector. This guarded effector target is required for the function of the 
effector protein in plants lacking the cognate R protein. However, many pathogen effectors have 
been observed to have multiple targets within a host and the classical guarded effector target is 
not always required for virulence in plants lacking the corresponding R protein. The discovery 
of additional targets of AvrPto (Zipfel and Rathjen, 2008) and AvrBs3 (Zhou and Chai, 2008) 
supports the concept that certain  host  targets of  effectors  act as  decoys  to  detect  pathogen 
effectors using R proteins. Known as the decoy model, this was developed by van der Hoorn 
and  Kamoun  (2008)  to  explain  the  inconsistencies  observed  with  the  guard  model.  In   29 
populations where polymorphic R genes are present, guarded effector targets are evolutionarily 
unstable as they are subjected to opposing selection pressures. Where a functional R gene is 
absent,  natural  selection  is  expected  to  decrease  target  and  effector  affinity  thereby  evade 
manipulation  and  modification  by  the  effector.  In  cases  where  the  R  gene  is  present,  the 
perception and affinity of the target and effector will be favoured and the interactions improved. 
The evolution of a target mimic or a duplication of effector target gene and hence a ‘decoy’ is 
postulated to relieve this evolutionary pressure. The role of the decoy functions only for effector 
perception and plays no role in disease development or resistance (Figure 1.5). 
 
A number of R protein interactions have been observed to be consistent with this model. In the 
case of Pto, which in tomato encodes a Ser/Thr kinase which confers resistance to P. syringae, 
Pto has been observed to function as a decoy. AvrPto, a kinase inhibitor, blocks the function of 
FLS2 and EFR, two receptor kinases involved in PAMP-triggered immunity (Xing et al., 2007; 
Xiang  et  al.,  2008).  Although  AvrPto  contributes  to  virulence  on  tomato  and  Arabidopsis, 
virulence is absent on Arabidopsis lines lacking FLS2 indicating the FLS2 is a virulence target 
of AvrPto (Xiang et al., 2008). As virulence is also observed in tomato where Pto is absent, it is 
possible then that FLS2 and in tomato as well as other receptor-like kinases are the targets of 
AvrPto, supporting the likelihood that Pto is a decoy (Chang et al., 2000). Although the decoy 
model is still experimentally undemonstrated, it provides in interesting alternative in explaining 
resistance interactions. 
 
1.8.4 Defence signalling 
 
The interaction of R proteins and their corresponding effector products are only a prelude to the 
cascade  of  signalling  mechanisms  activated  in  the  defence  response.  Like  the  structural 
conservation  observed  amongst  R  genes,  common  proteins  have  also  been  identified  that 
regulate R gene mediated resistance. Together with defence molecules such as salicylic acid   30 
(SA), jasmonic acid (JA), ethylene (ET), nitric oxide and reactive oxygen intermediates (ROI), 
these function in a complex signalling network which controls the activation of local defence 
response  (Figure  1.6).  In  the  case  of  SA,  which  is  important  for  resistance  to  biotrophic 
pathogens,  synthesis  is  stimulated  by  activated  intracellular  TIR-NBS-LRR  receptors. 
Signalling  is  mediated  via  nucleo-cytoplasmic  regulators  EDS1  and  PAD4.  Changes  to  SA 
levels are sensed by the transcription co-factor NPR1 which is a redox sensitive protein. NPR1 
functions as a central transcription activator of numerous defence related genes and has been 
implicated  in  crosstalk  with  JA  in  JA  mediated  defence  response  (Dong,  2004).  Crosstalk 
between these hormone pathways is reported to allow fine tuning in pathogen specific response 
(Kunkel  and  Brooks,  2002).  A  summary  of  the  components  involved  in  the  phytohormone 
resistance pathway is represented in Figure 1.7. 
 
 
Figure 1.6 : Overview of the local signalling networks controlling activation of local defence responses. 
Five main signalling cascades are shown as (a), (b), (c), (d) and (e), but considerable evidence exists for 
both positive and negative regulatory steps and feedback loops to create a highly interactive signalling 
network. R-protein-dependent activated signalling cascades are revealed for four different classes of R   31 
proteins,  namely  (a)  Pto  serine-threonine  protein  kinase,  (b)  CC-NB-LRR,  (c)  TIR-NB-LRR  and  (d) 
RPW8. (a) Pto-kinase-mediated resistance involves both RAR1 and direct interaction with the Pti4/5/6 
transcription factors to activate directly pathogenesis-related (PR) protein gene expression. The protein 
Prf is required downstream of Pto, but its precise position in the defence pathway remains unclear. (b,c) 
Most  CC-NB-LRR-type  R  proteins  require  NDR1,  whereas  TIR-NB-LRR  proteins  are  dependent  on 
EDS1. (d) RPW8 operates through ESD1 and SGT1. A possible convergence point of the four R-protein-
triggered pathways is at RAR1/ SGT1, both operating upstream of the hypersensitive response (HR) and 
oxidative burst (OB). Another early defence signal generated is nitric oxide (NO), which can potentiate 
both  the  HR  and  OB.  Activation  of  later  potentiating  defence  responses  by  TIR-NB-LRR  proteins 
involves the combined actions of EDS1 and PAD4, EDS5, SA and NPR1. EDR1, MAPK4 and SSI2 can 
each repress activation of the SA pathway, while various SA-binding proteins (SABP) located in distinct 
cellular  compartments  may  modulate  the  local  concentrations  of  available  SA  signal.  The  OB  can 
potentiate SA-mediated signalling directly and via the induction of various MAPK cascades, for example, 
SIPK. NPR1 is required downstream of SA, which also stimulates NPR1 translocation into the nucleus 
where it interacts with TGA transcription factors and induces the expression of PR genes. The signalling 
cascades  (a),  (b),  (c)  and  (d)  are  important  for  resistance  biotrophic  pathogens.  A  different  signal 
transduction network (e) leads to the activation of parallel JA and ET signalling cascades. Steps upstream 
of JA and OPDA are negatively regulated by CET1 and CET3, while downstream, CO1 and JAR1 are 
required  sequentially  to  activate  resistance  to  necrotrophic  pathogens.  Transduction  of  the  ET  signal 
requires EIN2 and leads to expression of the PDF1.2 defence marker gene. (f) The signalling proteins 
EDR1, MPK4 and SSI2 have roles in communication between the SA and JA/ET signalling networks. 
CET1/CET3, constitutive expression of thionin 1/3; COI1, coronatine insensitive 1; EDR1, enhanced 
disease resistance 1; EIN2, ethylene-insensitive 2; NDR1, non-race specific disease resistance 1; OPDA, 
12-oxophytodienoic  acid;  PAD4,  phytoalexin-deficient  4;  PDF1.2,  plant  defensin  1.2;  Pti4/5/6,  Pto-
interacting 4, 5 and 6; SID2, SA induction deficient 2; SSI2, suppressor of salicylate insensitivity of 
NPR1-5. ( From Hammond-Kosack and Parker, 2003) 
 
 
Analysis of many bacterial Avr and R proteins has revealed a general spatial interdependency 
exists within resistance reactions. Avr and R proteins in different host–pathogen interactions are 
frequently co-localised (Bonas and Lahaye, 2002). Detailed studies in Arabidopsis have shown 
that many R genes of the CC-NBS-LRR class require the membrane associated NDR1 protein 
while R genes of the TIR-NBS-LRR class operate through the lipase like enhanced disease 
susceptibility 1 (EDS1) protein (Aarts et al., 1998b) and PAD4 (Feys et al., 2001). Although 
EDS1 and PAD4 function in close proximity, encoding proteins which physically interact in 
vitro and co-immunoprecipitate from plant extracts, they have unique roles in resistance. EDS1   32 
is an essential component of the oxidative burst and for the elicitation of the HR while PAD4 is 
required  for  the  accumulation  of  phytoalexin,  PR1  and  SA  (Rogers  and  Ausubel,  1997; 
Rusterrucci et al., 2001; Zhou et al., 1998). The requirement of EDS1 in R gene signalling has 
also been observed in species other than Arabidopsis. Utilising virus induced gene silencing 
(VIGS) (Baulcombe, 1999), homologues of signalling components EDS1, RAR1, SGT1 And 
SKP1 have been identified  in N gene mediated resistance to TMV (Liu et al., 2002a; Liu et al., 
2002b; Peart et al., 2002).  
 
RAR1 (a signalling component required for Mla-dependent resistance I) encodes a small zinc 
binding protein which has been found to interact with SGT1 (a suppressor of G2 allele of SKP1) 
in extracts from plants as diverse as barley and tobacco (Azevedo et al, 2002; Lui et al, 2002a). 
In yeast, SGT1 associates with the SKp1-Cullin-F-box (SCF) core component (SKP1) and is 
essential for the function of SCF E3 ubiquitin ligase complexes which target proteins for 26S 
proteasome degradation (Lui et al, 2002b). As plant SGT1 and yeast SGTi are structurally and 
functionally conserved, the ubiquitin –proteasome system may be an important modulator of R 
gene mediated resistance. A number of cytosolic chaperones have also been observed in the 
function  of  effector  mediated  immunity.  In  Arabidopsis,  HSP90  is  required  to  modulate 
resistance associated with the RPM1 (Hubert et al., 2003) while an SGT1-Hsc70 complex is 
required to regulate the immune response (Noel et al., 2007). A summary of the components 
involved in effector mediated resistance is represented in Figure 1.7. 
 
In the activation of the defence response, the recognition of pathogenic or non-self structures by 
immune receptors is the first step in initiating immunity. The detection of pathogen or microbe 
associated  molecular  patterns  (PAMPs  or  MAMPs)  by  pattern  recognition  receptors  (PRR) 
triggers  intracellular  signalling  via  a  mitogen  activated  protein  kinase  (MAPK)  cascade. 
Functionally conserved in eukaryotes, this system constitutes a signalling relay, activated in 
response to environmental stresses (Asai et al., 2002; Romeis, 2001). The function of MAPK in   33 
communication between different defence networks is supported by the role of EDR1, which 
negatively regulates the a SA induced defence response together with the role of MAPK 4 
which appears to differentially regulate SA and JA. Ultimately, this signalling cascade results in 
the  activation  of  specific  transcriptional  regulators,  which  include  members  of  the  WRKY 
superfamily (For MAPK review see Rodriguez et al., 2010). In general, PRR are localised to the 
plasma  membrane  but  have  been  observed  in  endosomal  compartments  and  within  the 
cytoplasm. Structurally, plant PRRs are similar to PRRs found in animals and are commonly 
comprised of LRR like kinases such as FLS2, the flagelin receptor (Gómez-Gómez and Boller, 
2000). 
 
Within the MAMP (also known as PAMP) pathway, immunity is also associated with additional 
systems  including  the  exocytosis  pathway  which  results  in  vesicle  associated  and  SNARE 
protein-mediated focal secretion of defence related proteins. Effector proteins such as AvrPto 
and HopM1 have been shown to overcome innate resistance by intercepting MAMP signalling 
or targeting the secretory defence machinery (Panstruga et al., 2009). HopM1 binds to the ARF-
GEF,  MIN7  of  Arabidopsis  which  results  in  ubiquitination  dependent  proteolysis  of  MIN7 
(Nomura et al., 2006). A summary of the components involved in MAMP mediated resistance is 
represented in Figure 1.7. 
 
The  triggering  of  common  plant-pathogen  defence  responses,  by  structurally  different  R 
proteins,  indicates  unique  recognition  events  activate  parallel  or  converging  signalling 
pathways.  Alternatively,  it  is  possible  that  a  network  of  multiple  interconnected  signalling 
pathways, which act in parallel, trigger defence responses (Martin et al., 2003). Although the 
use of specific signalling pathways in R gene mediated defence is commonly observed, the 
utilisation of dual pathways has also been noted. The requirement for EDS1 and NDR1 by the 
RPP7 and RPP8 R genes, both members of the CC-NBS-LRR family of R genes, revealed that 
the utilisation  of either the EDS1/PAD4 or NDR1 pathway by specific R genes is not mutually   34 
exclusive (McDowell et al., 2000). P. parasitica resistance, conferred by RPP7 or RPP8, was 
not significantly suppressed by mutation in either EDS1 or NDR1 with only partial suppression 
being observed in eds1/ndr1 double mutants (McDowell et al., 2000). The observation of only a 
slight reduction in resistance in an ndr1 background for certain EDS1-dependent R genes (Aarts 
et  al.,  1998b; Van  der  Biezen  et  al.,  2002),  together  with the  utilisation  of  dual  signalling 
pathways by RPP7 and RPP8, suggests that certain pathways can operate additively through 
EDS1, NDR1 and additional unknown signals (Martin et al., 2003). The signalling pathways 
employed by R genes appear to be complex, functioning in an additive and interconnected 
network to mediate and regulate specific disease resistance. 
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Figure 1.7: Immune pathways for plant pathogen interaction. From Panstruga et al 2009. Abbreviations : 
ACC  –  1-aminocyclopropane-1-carboxylic  acid;  ARF-GEF  –  ADP  ribosylation  factor  hydrolysing 
guanidine  triphosphate;  FMO  –  flavin-containing  monooxygenase;  JA-Ile  –  jasmonoyl-isoleucine 
conjugate; MeSA – methyl salicylate; OPDA – oxophytodienoic acid; SD – solanaceae domain; SNARE 
–  soluble  N-ethylmalemide-sensitive  factor  attachment  protein  receptor;  S-S  and  SH  –  oxydised 
disulphide  and  reduced  sulfhydryl  group;  upa  –  cis-acting  promoter  element  for  AvrsBs3.  Pathways 
represented here are discussed within the text. 
 
 
1.8.5 Diversity and evolution of R genes 
 
In plants, as well as in mammals, genes involved in mediating disease resistance contain loci 
which segregate for a large number of alleles, some of which are highly divergent from each 
other (Bergelson et al., 2001). These polymorphic loci are often clustered, consisting of tightly 
linked, highly homologous families of genes, presented in a tandem array of multiple copies 
(Hubert et al., 2001). Individual members of an R-gene cluster can confer resistance to different 
strains of the same pathogen or to distinct and diverse pathogens (Van der Vossen et al., 2000). 
The organisation of R genes within the genome, and their allelic relationships, have been widely 
studied to determine the evolutionary dynamics of plant resistance genes.  
 
The diversity of R genes and their loci is the result of a number of different mechanisms which 
enable  continual  adaptation  of  both  plant  specificity  and  pathogen  virulence.  Genetic 
recombination  within  gene  clusters, together  with  duplication,  acts to  increase  both  genetic 
diversity and the gene copy number within the genome. Variation in gene copy number is 
commonly observed in clusters and is also present in single copy loci as the presence or absence 
of a locus (Bergelson et al., 2001). In arabidopsis, tandem and segmental duplications have been 
observed to distribute and separate members of the NBS-LRR class of resistance genes with in 
the genome (Leister, 2004). These duplication events, together with mutation derived diversity 
such as unequal crossing over and gene conversions, are thought to play a major role in the 
generation  of  novel  resistance  specificities  and  are  likely  to  be  evolutionary  responses  to 
selective pressure for disease resistance.   37 
As  R  genes  must  continually  evolve  to  adapt  to  the  changing  pathogen  environment,  the 
dynamics of evolution can be explained by means of a classic arms race. Plant specificity and 
pathogen virulence adapt continuously in response to one another as novel R alleles, previously 
undetected in a plant population, increase in frequency in response to the development of new 
virulence  determinants.  This  theory  of  evolution  is  supported  by  the  detection  of  adaptive 
divergence  in  functionally  important  regions  of  R  proteins.  Comparison  of  the  amino  acid 
substitution  rates  (Ka)  with  the  rates  of  synonymous  substitutions  (Ks)  have  indicated  that 
positive selection occurs in regions such as the TIR domain (Cannon et al., 2002) and the LRR 
(Rose et al., 2004). This observed increase in the rates of evolution in these regions is consistent 
with the co-evolutionary model for the maintenance of disease resistance alleles.  
 
The rapid cycling of R-genes predicts that R alleles, overcome by new resistance specificities, 
would be quickly lost from the population, reducing the overall age and number of R alleles at a 
locus. However, the presence of functional ancient loci, such as RPM1 and RPS5 in Arabidopsis 
thaliana (Stahl et al., 1999; Tian et al., 2002), is inconsistent with the co-evolutionary model, 
indicating that a micro-evolutionary mechanism for maintaining given alleles may exist (Stahl 
et al., 1999). The presence of R genes which share the same specificities in distantly related 
plant species also indicates that some R alleles may have been conserved. In the case of the R 
genes  Rpg1-b  from  Glycine  max  and  RPM1  from  Arabidopsis  thaliana,  which  both  confer 
resistance to races of Pseudomonas syringae, sequence analyses have indicated that, outside of 
the structural conservation seen for R genes of the same family, very little sequence similarity is 
present (Ashfield et al., 2004). Phylogenetic studies also demonstrate that the genes are not 
orthologous, indicating that Rpg1-b and RPM1 have developed through convergent evolution 
(Ashfield et al., 2004).  
 
Studies  on  the  TIR  and  non-TIR  class  of  R-genes  across  different  plant  species  have  also 
indicate that diversity exists between members of an R gene subfamily (Cannon et al., 2002). At   38 
least  five  distinct  sequence  clades  (ancestrally  related  groups)  can  be  identified  within 
homologues of the NBS-LRR class of R genes, each encompassing several plant families. The 
unequal  representation  of  certain  plant  taxa  observed  within  these  clades  suggests  that 
preferential  expansion  or  loss  of  certain  R  gene  types  is  prevalent  (Cannon  et  al.,  2002). 
Commonly known as the birth-death model of evolution, the expansion and contraction of gene 
clusters is thought to be the result of unequal crossover with the evolution of individual genes 
being the product of diversifying selection (Leister, 2004). It is evident that no one model can 
explain the complex evolutionary dynamics observed in R genes and further work in identifying 
and  understanding  individual  R  loci  is  required  to  elucidate  the  mechanisms  of  R  gene 
evolution. 
 
1.9 Plant virus resistance genes 
 
 
Plant defence against virus infection normally involves the targeted degradation of viral RNAs 
by the host. This RNA silencing is accomplished by the processing of viral double stranded 
RNA  into  small  interfering  RNA  (siRNA)  by  Dicer-like  enzymes.  These  siRNAs  are 
subsequently incorporated into protein complexes which, via the endonucleolytic activity of 
Argonaute  proteins,  are  targeted  for  degradation  (Ding  and  Voinnet,  2007).  These  effector 
complexes, such as the RNA induced silencing complex (RISC) contain an Argonaute protein 
and  gene  silencing  is  accomplished  by  base  pairing  between  one  siRNA  strand  and  its 
homologous target message (Aliyari and Ding, 2009). As in the case of bacterial and fungal 
infection, viral virulence determinants, or effectors/Avrs, function to suppress the host silencing 
response. Where R gene mediated resistance is activated, R proteins are triggered to recognise 
the viral determinants and silence the suppressors or other proteins which accumulate following 
replication and translation (Chisoholm et al., 2006). Figure 1.8 represents defence targets during 
a virus infection for RNA viruses. Like most plant R genes identified to date, virus resistance 
genes  follow  the  gene-for-gene  model  and  share  the  same  structural  motifs  common  to   39 
resistance genes against other pathogen types. The majority of virus resistance genes fall into 
the NBS-LRR class of R genes and function by restricting viral movement within and between 
cells. Resistance genes to systemic movement are less common, with the A. thaliana RTM genes 
against  Tobacco  etch  virus  the  best  known  example  (Whitlam  et  al.,  2000).  Interestingly, 
although the majority of the dominant virus resistance genes cloned so far belong to the NBS-
LRR class of R genes, and function to restrict viral movement locally, the bulk of these fall into 
the CC or leucine zipper subclass of NBS-LRR proteins. The only exception to date is the N 
gene for resistance to TMV, which is a member of the TIR-NBS LRR subclass of NBS-LRR R 
proteins (For review see Kang et al., 2005)  
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Figure 1.8 Pathways for plant defence during infection with a ‘typical’ RNA virus. Virus particles enter 
the cell via a wound site and begin a standard replication cycle. Coat protein (CP) molecules are stripped 
away  and  host  machinery  initiates  protein  translation  starting  with  the  replicase  proteins  (RP).  Plant 
defence  functions  to  process  RNA  to  siRNA  for  targeted  degradation  Replicase  proteins  function  to 
generate negative sense RNA which in turn generate positive sense RNA which can be utilised to produce 
movement proteins (MP) and CP for viral motility or new particle formation respectively.  These proteins 
(RP, MP and CP) commonly operate as effector molecules when R gene mediated resistance is present.    40 
1.9.1 N gene mediated resistance to Tobacco mosaic virus (TMV) 
 
Often cited as the classical model system for the gene-for-gene disease resistance, the N gene 
was the first virus resistance gene to be fully cloned and classified, and was first described by 
Holmes in 1938 (Holmes, 1938). Plants carrying the N allele will, in conditions below 28
0C, 
develop  a  localised  HR  response  at the  site  of infection  by  Tobacco  mosaic  virus  (TMV). 
However,  at  temperatures  greater  than  28
0C,  HR  is  not  activated  and  infection  progresses 
systemically (Dijkstra et al., 1977). First isolated by insertional mutagenesis (Whitlam et al., 
1994), N transcription is upregulated by infection with TMV (Levy et al., 2004) and undergoes 
alternative splicing to produce two mRNAs, NS and NL (Dinesh-Kumar et al., 2000). NS is 
predicted to encode a full length N protein while NL is predicted to produce a truncated one. 
Both of these are required for TMV resistance (Dinesh-Kumar et al., 2000). The elicitation of 
the HR response in N mediated resistance is due to the viral genome encoded protein p50 of 
TMV (Abbink et al., 1998), which is the helicase domain of the TMV replicase protein. Studies 
by Burch-Smith et al (2007) have identified both N and p50 as cytoplasmic and nuclear proteins 
with the localization of N to the nucleus being essential to function. The TIR domain was also 
found to be critical to resistance since this domain associates with p50.  
 
A  number  of  signalling  components  involved  in  the  resistance  response  of  N  have  been 
identified, several of which were first isolated as signal transducers in Arabidopsis for non virus 
pathogens. The presence of these suggests a functional conservation of signalling components 
for pathogen resistance genes, irrespective of species or pathogen type (for review see Kachoo 
et al., 2006). As for a number of other known R genes, Rar1, STG1 and EDS1 are required for 
signal transduction mediated by N (Liu et al., 2002a). STG1 is a component of the SCF-type E3 
ubiquitin ligase complex and has been observed to interact physically with Rar1 (Liu et al., 
2002a). STG1 also interacts with SKP1 which is another member of the SCF-type E3 ubiquitin 
ligase complex (Liu et al., 2002b). The SCF-type E3 ubiquitin ligase complex facilitates the   41 
attachment of ubiquitin to specific protein substrates for future degradation by 26S proteosomes 
(Deshaies,  1999).  Other  components  which  interact  with  Rar1  and  SGT1  include  COP9,  a 
multiprotein complex which can also interact with components of the SCF-type E3 ubiquitin 
ligase complex (Lyapina et al., 2001). Silencing of SKP1 or components of COP9 result in the 
loss of N mediated resistance to TMV (Liu et al., 2002b). It has been proposed that COP9 may 
function via interactions with partner molecules or in through its role in light signalling as 
Chandra-Shekara  and  co-workers  have  demonstrated  that  HR  and  TMV  resistance  is 
compromised in the dark (Chandra-Shekara et al., 2006). 
 
Rar1 and SGT1 have also been observed to interact with heat shock protein 90 (HSP90) which 
is required for signal transduction in N mediated resistance (Liu et al., 2004a). HSP90 interacts 
with N and silencing of HSP90 results in the loss of N mediated resistance (Liu et al., 2004a). 
As heat shock proteins function in the folding, activation and assembly of proteins required in 
signal transduction, cell cycle control and transcriptional regulation, it is possible that Rar1, 
SGT1 and HSP90 form a complex which acts to regulate the conformation or assembly of N 
protein complexes (Liu et al., 2004b). 
 
N mediated resistance triggers the activation of a signalling cascade which includes a number of 
mitogen activated protein kinases (MAPK), a wound inducible protein kinase (WIPK), a SA 
induced protein kinase (SIPK) and a MAPKK, NtMEK2 (Zhang and Klessig, 1998). Silencing 
in tobacco of SIPK, WIPK or NtMEK2 compromises N mediated resistance (Liu et al., 2004b). 
 
Resistance to TMV is also dependent on SA. As HR is activated in response to TMV infection, 
levels of SA increase in both inoculated and systemic tissue and pathogensis-related (PR) genes 
are induced (Delaney et al., 1994). SA may contribute to resistance in a number of ways. It has 
been shown to induce the expression of tobacco RNA-dependent RNA polymerases which have 
a function in RNA silencing and in limiting the accumulation and spread of RNA viruses (Xie et   42 
al., 2001). Increased SA levels may also serve to inhibit electron transport in respiration which 
results in an increase in mitochondrial reactive oxygen species (Singh et al., 2004).  
 
In addition to the protein interactions and signalling pathways discussed, N mediated resistance 
also involves polyamine metabolism. A ~20 fold increase in spermine levels was observed in 
inoculated  leaves  following  a  HR  response  to  TMV  infection  (Yamakawa  et  al.,  1998). 
Signalling in spermine derived pathway involves a Cys2/His2-type zinc finger protein (ZFT1) 
which is upregulated in an N-dependent manner during TMV infection. ZFT1 expression is 
independent of SA and may function as a transcriptional repressor for spermine signalling, 
restricting viral spread by accelerating the formation of necrotic lesions for HR (Uehara et al., 
2005). It is evident that a complex system exists in order formulate and regulate the R gene 
mediated response. A model representing proposed pathways involved in N mediated resistance 
is presented in Figure 1.9. 
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Figure 1.9: Proposed model for N mediated resistance. 1. Virus particles invade a cell to initiate infection. 
2.  Within  the  cytoplasm  virus  particles  disassemble  and  the  viral  replication  cycle  commences. 
Translation of  viral proteins  commence  including replicase associated proteins (RP). 3. The helicase 
domain of the RP, termed p50 associates with N via the TIR domain. Association is bridged by other host 
factors  (X).  Additional  conformational  changes  of  N  may  occur  at  this  time.  Following  the  initial 
association of N via the TIR domain, p50 then interacts directly with the NB and LRR domains. A pool of 
N  within the  nucleus, of  unknown  function, is also present at this time. 4. The defence response is 
initiated and nuclear N is activated by an unknown mechanism. 5. Activation of nuclear N results in a 
signalling cascade which involves a number of components, ultimately resulting in the defence response. 
 
1.9.2 RCY1 mediated resistance to CMV in Arabidopsis 
 
Like the majority of virus resistance genes, the RCY1 gene, which confers resistance to CMV-Y 
in  the  Arabidopsis  ecotype  C24,  is  a  member  of  the  CC-NBS-LRR  subclass  of  R  genes. 
Resistance  is  manifested  by  a  HR  which  is  accompanied  by  increased  expression  in  SA-
response  genes  PR-1  and  PR-5  (Takahashi  et  al.,  2004)  as  well  as  an  upregulation  of  the 
JA/ethylene responsive gene PDF1.2. RCY1 is highly similar, ~90% at the amino acid level to 
HRT and RPP8 (Cooley et al., 2000), however, they appear to regulate completely different 
pathways.    44 
Interesting  all  three  R  genes  have  the  viral  coat  protein  (CP)  as  their  Avr  factors,  but  no 
sequence similarity is observed on comparative analysis of the viral CP sequences (Zhao et al., 
2000). Unlike HRT, RCY1 is only partially dependent on SA and EDS5. Mutations which 
inactivate JA sensitivity abolishes RCY-1 induced expression of PDF1.2 but restores CMV 
resistance in EDS5 mutant plants. This indicates that CMV resistance mediated by RCY1 is not 
dependent on PDF1.2 expression and that cross talk between the SA and JA pathways regulates 
resistance (Takahashi et al., 2004). RCY1 mediated resistance is also partially dependent on 
ethylene although it is independent of NPR1 (Takahashi et al., 2002)(Figure 1.10).   
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Figure 1.10 (From (Chandra-Shekara et al., 2006)) Components known to be involved in RCY1 mediated 
resistance. The signalling cascade which results in RCY1 mediated resistance to CMV-Y is triggered by 
the coat protein of CMV. RCY1 mediated resistance is only partially dependent on the signalling of both 
the SA and ethylene pathways and thus is represent by a dashed line. 
 
 
Although much work has been done in unravelling the signalling pathways and components 
involved in R gene mediated resistance, little is known about the molecular mechanisms that 
inhibit virus accumulation. Work by Bhattacharjee and colleagues (2009), has indicated that 
Argonaute proteins play a role in the translational control of viral transcripts. Using a system   45 
based on transient expression via Agrobacterium infiltration, the initiation of antiviral response 
was  uncoupled  from  the  N  gene  HR  response  in  N.  benthamiana.  Through  tracking  a 
heterologous PVX based viral reporter, Bhattacharjee et al (2009) showed that the induced 
antiviral response results in the Argo4-dependent translational inhibition of viral RNAs thereby 
preventing the accumulation of viral proteins and ultimately impeding virus accumulation and 
spread. These results provide an interesting starting point in understanding the mechanisms of 
R-gene mediated viral resistance.  
 
1.10 Aims of thesis 
 
The aim of this thesis was to study the CMV resistance gene Ncm-1 in L. luteus and to develop 
a  molecular  marker  linked  to  resistance.  Yellow  lupin  populations  segregating  for  CMV 
resistance  were  constructed  and  characterised  for  this  purpose.  Because  there  was  no 
information  on  yellow  lupin  when  this  work  was  begun,  and  there  is  a  large  evolutionary 
distance between lupins and the available model species, a genome wide approach and an R-
gene based approach was proposed. Both AFLPs and resistance analogue targeted degenerate 
primers were to be used to study Ncm-1, because a range of functions for domains conserved in 
R proteins has been identified. The isolation of lupin RGAs would further our understanding of 
Ncm-1 mediated resistance and provide a useful target for marker development. Once suitable 
linked polymorphisms are identified, an assay for use in marker assisted selection would then 
developed and validated.  
The specific aims of this thesis were: 
1.  Establish  a  genome  wide  analysis  of  Lupinus  luteus  in  a  genetically  structured 
population to characterise the CMV resistance gene Ncm-1. 
2.  Define classes of genes that can be considered to be candidate genes for Ncm-1. 
3.  Develop a novel diagnostic approach to provide molecular markers for use in MAS in 
L. luteus breeding.   46 
Chapter 2. General materials and methods 
 
2.1 Plant materials and phenotypic scoring 
 
 
2.1.1 Segregating populations 
 
As a part of the lupin breeding program at the Department of Agriculture and Food Western 
Australia (DAFWA), a number of crosses were produced between various domesticated and 
wild genotypes of L. luteus. These were made available for this study by Dr Bevan Buirchell. 
Two crosses segregating for CMV resistance, with resistance derived from L. luteus cv Wodjil, 
were chosen for this study. Each parent chosen differed as widely as possible in phenotypic and 
genotypic characteristics. The F1 progeny of each cross was selfed to generate F2 individuals. 
These F2 individuals were then also selfed to produce F3 families.  
 
2.1.2 Surface sterilisation and vernalisation of seeds 
 
Lupin (L. luteus) seeds were surface sterilised in a 50% ethanol solution. The seeds were first 
agitated in the sterilisation solution for 10 minutes before being washed 3 times for 10 minutes 
in sterile distilled water. The seeds were then placed onto petri dishes lined with sterile 9 cm 
diameter  Whatmann  filters  paper  pre-moistened  with  sterile  distilled  water  and  allowed  to 
germinate in the dark at 22
0C for one week. The seeds were then vernalised in the dark, at 4
0C 
for three weeks before transfer into glasshouse conditions. 
 
2.1.3 Plant material for virus stocks 
 
Subterranean clover (Trifolium subterraneum L.), cv ‘Woogenellup’ was used as the primary 
host for CMV due to the ease of infection and the rapid development of symptoms. Seeds were   47 
supplied by Dr R. A. C. Jones, DAFWA, and planted in a standard peat/sand potting mix (pH 
5.5),  supplemented  with  Osmocote  mini  granules  (Yates).  The  plants  were  grown  in  a 
temperature controlled glasshouse at 28
0C under natural light and watered daily using a dripper 
system for 10 minutes with more frequent watering in summer as required.  
 
2.1.4 Sap inoculation of host and segregating plants 
 
Subterranean clover plants infected with isolate CMV-SN were obtained from Dr R. A. C. 
Jones, DAFWA, for sap inoculation of additional host and segregating plants. Approximately 
20g of infected leaf tissue was harvested and immediately ground in a chilled mortar and pestle 
until a smooth consistency had been obtained. Twenty millilitres of inoculation buffer (0.1M 
KHPO4 buffer, pH 7.4) together with 0.1 g of silicon powder (Filter Aid, BRL Univar) to act as 
an  abrasive,  was  then  added  to  the  ground  leaf  mixture.  This  paste  was  then  immediately 
applied to young host plants in their second true leaf stage (3-4 weeks post germination) or to 
young legumes in their third leaf stage (3-4 weeks post germination). The inoculum was gently 
rubbed onto the upper leaf surface and allowed to sit for 5 minutes before being washed from 
the leaves with water. Damp paper was then placed over the plants for 24 hours to prevent 
excessive dehydration. Symptoms commonly appeared 7-14 days post inoculation. 
 
2.2 Enzyme-linked immunosorbent assay (ELISA) 
 
Plants were tested for CMV infection following virus challenge using sap extracted from leaf 
tissue. Approximately 1g of tissue per sample was extracted using 5 ml of phosphate buffered 
saline (10mM KHPO4, 0.15M NaCl, pH 7.4) containing 5ml /L of Tween 20 and 20g /L of 
polyvinylpyrrolidone and a leaf press (Pollahne, Germany). Extracts were tested using double 
antibody ELISA as described by Clark and Adams (1977). Each sample was tested in duplicate 
and CMV infected and healthy T. subterraneum host plants were included as controls. The   48 
polyclonal antiserum used for ELISA analysis was provided by Ms Brenda Coutts, DAFWA. 
Absorbance  (A450)  values  were  measured  using  a  Titertek  Multiscan  Photometer  (Flow 
Laboratories, Finland). Samples were considered to be positive for CMV if the absorbance 
values obtained were greater than or equal to that of the positive control and greater than twice 
the value of the healthy control sample. 
 
2.3 DNA extraction from yellow lupins 
 
Genomic DNA was extracted from yellow lupin leaves using the Nucleon PhytoPure DNA 
extraction kit (Amersham) as per manufacturer’s instructions. Three volumes of liquid N2 was 
added to 100mg of plant tissue (fresh or frozen) and ground using a mortar and pestle. The 
resulting fine powder was then transferred to a 1.5ml tube containing 600l of Reagent 1. The 
tissue suspension was then digested with RNase (g/ml of suspension) for 30 minutes at 37
0C 
and  200l  of  Reagent  2  was  then  added.    The  suspension  was  then  inverted  to  obtain  a 
homogeneous mixture and incubated for 10 minutes at 65
0C with regular agitation. The sample 
was then placed on ice for 20 minutes. Following the incubation, 500l of -20
0C chloroform 
and 100l l of extraction resin was added. The sample was then placed on a tilt shaker for 10 
minutes  and  then  centrifuged  for  10  minutes  at  1,300  g.  The  resulting  upper  phase  of  the 
suspension was transferred to a fresh 1.5ml tube and an equal volume of cold isopropanol added 
to  precipitate  the  DNA.  The  DNA  mixture  was  then  placed  in  ice  for  20  minutes  before 
centrifugation at 20,500 g for 20 minutes. The supernatant was then discarded and the resulting 
pellet  washed  with 1  ml  of  70%  ethanol  before  being  centrifuged  again  at  20,500  g  for  5 
minutes.  The  supernatant  was  again  discarded  and  the  pellet  vacuum  dried  in  a  SpeedVac 
concentrator (Savant Instruments) before being resuspended in 0.1 TE buffer or sterile distilled 
water. 
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2.4 Quantification of DNA 
 
The concentration of DNA in a sample solution was determined fluorometrically using a Hoefer 
DyNA Quant 200 DNA fluorometer. The fluorometer was first calibrated by adding a known 
amount of calf thymus DNA (Promega) into 2ml of 1 X TNE buffer (10mM Tris-HCl, 100mM 
NaCl,  1mM  EDTA,  0.1mg/ml  Hoechst 33528  solution  pH  7.4). Two  microlitres  of  sample 
solution  was  then  added  to  2ml  of  1  X  TNE  buffer  and  the  concentration  determined  by 
comparison to the known standard solution. 
 
2.5 Production of recombinants and transformation of bacterial cells 
2.5.1  Ligation of PCR products into the pGEM-T Easy vector system 
 
The ligation of PCR products into pGEM-T Easy (Promega) was carried out at an insert to 
vector ratio  of  between  1:5  and  5:1.  In  a  typical  ligation reaction,  two  microlitres  of  PCR 
product was added to a 0.6ml tube containing 5l of 5 x ligation buffer, 1 U of T4 DNA ligase, 
1l of pGEM-T Easy vector and 1l of sterile H2O to make up a 10l final reaction volume. 
The reaction was then incubated at 4
0C for 12 –14 hrs.  
 
2.5.2 Preparation of chemically competent E. coli cells 
 
Competent cells for transformation were prepared under aseptic conditions as described in the 
‘Promega Protocols and Applications Guide’ (1996).  E. coli cells, stains JM109 or DH5, were 
streaked  onto  LB  plates  (10g  bactotryptone  (Difco),  10g  NaCl,  5g  yeast  extract  (Becton 
Dickinson), 16g agar (Becton Dickinson) per litre, pH 7.5) and incubated at 37
0C for 16 – 18 
hours.  A  single  colony  was  then  selected  and  inoculated  into  15  ml  of  LB  medium  (10g 
bactotryptone (Difco), 10g NaCl, 5g yeast extract (Becton Dickinson) per litre, pH 7.5) and   50 
allowed to grow overnight at 37
0C on a shaker (250 rpm). The following morning, 5 ml of the 
resulting culture was inoculated into 500ml of LB medium. The culture was shaken (250 rpm) 
and incubated at 37
0C until the OD600 reached 0.5-0.55. The culture was then chilled on ice for 
2 hours and the cells collected by centrifugation at 2 500 x g for 20 minutes at 40C in a 
Beckman  JA14  rotor.  The  cells  were  gently  resuspended  in  10ml  of  cold  filter-sterilised 
trituation buffer (100 mM CaCl2, 70 mM MgCl2, 40 mM Na-Acetate pH5.5). A further 500ml 
of trituation buffer was then added to the cell suspension and the mixture allowed to incubate 
for 45 minutes on ice. The cells were then collected by centrifugation at 1 800 x g at 40C for 10 
minutes. The resulting pellet was gently resuspended in 50 ml of trituation buffer and 80% 
sterile glycerol was slowly added to a final concentration of 15% (v/v). The competent cells 
were either used immediately or aliquots snap frozen in liquid nitrogen and stored at –80
0C for 
future use. 
 
2.5.3 Transformation of competent E. coli cells 
 
Competent E. coli cells were transformed using the CaCl2 heat shock method, as described by 
Sambrook and Russell (2001). A 5l aliquot of ligation reaction mix (section) was removed 
and added to 100l of competent E.coli cells (strain DH5 or JM109) which had been allowed 
to  thaw  on  ice.  The  tube  was  then  gently  mixed  and  left  on  ice  for  20  minutes.  The  cell 
suspension was then heat shocked at 42
0C for 45 seconds, and cells immediately placed on ice 
for a further 2 minutes. LB broth was added to the cell suspension to a total volume of 1 ml and 
the cells allowed to recover at 37
0C for 90 minutes on a shaker at 150rpm. The cell suspension 
was then concentrated by centrifugation at 2000 g for 5 minutes and discarding the supernatant. 
The resulting  pellet  was  resuspended in  150  l  of LB  and  plated  on  LB  plates  containing 
100mg/L of ampicillin and incubated overnight at 37
0C.   51 
2.5.4 Inoculation of LB broth cultures 
 
Single, discrete bacterial colonies were chosen for recombinant analysis were inoculation into 
LB broth cultures. Selected colonies were picked from the plates using a sterile toothpick and 
inoculated into 10ml of LB broth containing 1mg/ml of ampicillin. The cultures were then 
incubated overnight at 37
0C on a shaker at 250rpm. 
 
2.6 PCR Amplification 
 
2.6.1 General amplification conditions 
 
Standard amplification reactions were carried in 20l volumes containing 40ng of DNA, 1 X 
PCR polymerisation buffer (Fisher Biotech, 1 X buffer is equivalent to 67mM Tris-HCl pH 8.8, 
16.6mM [NH4]2SO4, 0.45% Triton X-100, 0.2 mg/ml Gelatin and 0.2 mM dNTP’s), 2.5mM 
MgCl2, 200M of dNTPs, 1M of each primer and 1 unit of Tth* DNA polymerase (Fisher 
Biotech).  The  optimal  annealing  temperature  for  a  reaction  was  often  determined  using  a 
Mastercycler  gradient  PCR  machine  (Eppendorf)  with  a  gradient  of  +/-10
0C.  Typical  PCR 
amplifications consisted of a initial denaturation at 94
0C for 3 min, followed by 25-30 cycles of 
denaturation at 94
0C for 30 sec, annealing at 50
0C-65
0C for 30 sec and extension at 72
0C for 45 
sec. Longer extension times were used for the amplification of fragments greater than 500 bp in 
size, with 1 min added for each additional 1 kb. All reactions were cycled in a Perkin-Elmer 
GeneAmp PCR thermocycler (2400 or 9700). 
 
2.6.2 DNA sequencing and analysis 
 
Ligated plasmids, containing a desired insert, were identified by using SP6 (5’-GAT TTA GGT 
GAC ACT ATA G-3’) and T7 (5’-TAA TAC GAC TCA CTA TAG GG-3’) primers under 
standard PCR conditions. Transformants containing a plasmid with an insert of the expected   52 
size were cultured in LB broth media (section 2.4.4) and the plasmid extracted using a QIAprep 
spin miniprep (Qiagen) plasmid extraction kit. Cycle sequencing was performed using the Dye 
Terminator  Sequencing  Ready  Reaction  Kit  with  AmpliTaq  DNA  polymerase  FS  (Perkin 
Elmer) using modified SP6 and T7 primers as per manufacturer’s instructions. Samples were 
then electrophoresed on an ABI 373 Automated DNA sequencer (Applied Biosystems) and 
analysed using the SeqEd software package (Applied Biosystems, v1.03). Sequence identity and 
homology analysis was completed using Genetics Computer Group (GCG) software available 
through the Australian National Genomic Information Service (ANGIS). 
 
2.7 Amplified Fragment Length Polymorphism (AFLP) 
 
 
 
AFLP markers were generated as described by Vos et al. (1995) and the procedures are detailed 
below 
 
 
2.7.1 Restriction/ligation of target templates 
 
Genomic  DNA  from  mapping  populations  was restricted  and  ligated  using  the  AFLP  Core 
Reagent Kit (Invitrogen). For each sample, 500ng of DNA was restriction digested with 2.5 
units each of Eco RI and Mse I (in 10 mM Tris-HCl pH7.4, 50 mM NaCl, 0.1 mM EDTA, 1 
mM DTT, 0.1 mg/ml BSA, 50% glycerol (v/v), 0.1% Triton X-100) in 1 X reaction buffer (50 
mM Tris-HCl pH7.5, 50 mM Mg-acetate, 250 mM K-acetate) with the final volume made to 
25l with sterile water. The reactions were incubated for 2 hours at 37
0C followed by a further 
15 minutes at 70
0C to inactivate the restriction endonucleases. The adapter pairs were then 
annealed by adding to each reaction, 24 l of Adapter/Ligation solution (Eco RI/Mse I adapters, 
0.4 mM ATP, 10 mM Tris-HCl pH 7.5, 10 mM Mg-acetate, 50 mM K-acetate) and 1 unit of T4 
DNA ligase (1 unit/l) before incubating at 20
0C for 2 hours. After restriction/ligation, the   53 
reactions were diluted 1/10 using 0.1 X TE buffer (20mM Tris-HCl pH 8.0, 0.1 mM EDTA pH 
8.0) for use in pre-selective PCR. 
 
2.7.2 Pre-selective PCR 
 
Pre-selective amplification reactions were carried out in 20l volumes containing 4.0 l of the 
diluted restriction/ligation product, 4.0 l of 5 X PCR polymerisation buffer (67 mM Tris-HCL, 
pH 8.8, 16 mM (NH4)2SO4, 0.45% Triton X-100, 0.2 mg/ml Gelatin, 0.2 mM dNTPs), 2.7 mM 
MgCl2,  0.5  U  Tth  Plus DNA  polymerase  (Fisher Biotech) and  0.5l  of  both  the  EcoRI-A 
(EcoRI-A:  GACTGCGTACCAATTCA)  and  MseI-C  (MseI-C:  GATGAGTCCTGAGTAAC) 
pre-selective primers. Amplification was carried out on a GeneAmp PCR System 9700 (Perkin-
Elmer) with the cycling conditions as follows : 
 
 72
0C for 2 min followed by 20 cycles of 94
0C for 1 sec, 56
0C for 30 sec, 72
0C for 2 min and a 
final extension cycle of 60
0C for 30 min. 
 
In order to verify the success of the pre-selective amplification, 10l of the resulting PCR 
product was analysed by agarose gel electrophoresis using a 1.5 % agarose gel in 1 X TBE 
buffer. A smear of 100-500 bp indicated successful pre-amplification. Templates which were 
successfully  pre-selectively  amplified  were  diluted  1/10  using  0.1  X  TE  buffer  for  use  in 
selective amplification. 
 
2.7.3 Selective amplification 
 
Selective amplification reactions were carried out in 10l volumes containing 1.5 l of the 
diluted pre-selective PCR product, 2.0 l of 5 X PCR polymerisation buffer (67 mM Tris-HCL, 
pH 8.8, 16 mM (NH4)2SO4, 0.45% Triton X-100, 0.2 mg/ml Gelatin, 0.2 mM dNTPs), 2.7 mM   54 
MgCl2, 0.5 U Tth Plus DNA polymerase (Fisher Biotech), 5 M MseI primer [Pre-selective 
MseI-C  Primer-Cxx]  and  1  M  Eco  RI  primer  [Dye-Pre-selective  EcoRI-C-Axx].  Selective 
primers used were based on the pre-selective primers to which two selective nucleotides were 
added to the 3’ end. The amplification conditions were as follows: 
 
94
0C for 2 min, 65
0C for 30 sec and 72
0C for 2 min  - 1 cycle 
94
0C for 10 sec, 64
0C for 30 sec and 72
0C for 2min  -  1  cycle,  followed  by  seven  cycles 
with  the  annealing  temperature 
decreasing by 1
0C per cycle until 56
0C. 
 
2.7.4 Post PCR multiplexing of AFLP reactions 
 
Reactions from multiple fluorescent AFLP primer combinations were combined for analysis 
using denaturing polyacrylamide gel electrophoresis. For each sample, one reaction with primer 
pairs labelled with FAM, HEX and TET were combined in a ratio of 5 : 7.5 : 10. Samples were 
then vacuum dried in a SpeedVac concentrator (Savant Instruments) before being resuspended 
in 5l of sterile distilled H2O. 
 
 2.7.5 Visualisation of fluorescent AFLPs using polyacrylamide gel electrophoresis 
 
Fluorescently labelled AFLPs were visualised by electrophoresis using the ABI 373A DNA 
sequencer.  A  fluorescently  labelled  size  standard,  GS-500  TAMRA-labelled  (ABI  Applied 
Biosystems) was included with each sample run. Two microlitres of multiplexed AFLP product 
was  combined  with  2.0  l  of  loading  buffer  (90  l  HiDye  Formamide  (ABI  Applied 
Biosystems), 25 l of GS500 TAMRA standard (ABI Applied Biosystems), and 35l of loading   55 
dye supplied with the standard) and the samples denatured by heating at 94
0C before being 
chilled on ice. 
 
A 6% denaturing (7.5M Urea) polyacrylamide gel was prepared in 1 X TBE buffer (89mM Tris 
base, 89mM boric acid and 2mM EDTA). Polymerisation was started by the addition of freshly 
prepared ammonium persulfate solution (50 mg per gel)(Sigma-Aldrich) and TEMED (50l per 
gel)(Sigma-Aldrich)  was  and  the  gel  cast  according  to  the  protocol  for  denaturing 
polyacrylamide gels described by Sambrook and Russell (2001). 
 
2.8 Purification of PCR products 
 
 
PCR products were purified using the Wizard PCR Preps DNA Purification Kit (Promega) as 
per manufacturer’s instructions. Purified products were recovered in sterile distilled H2O and 
stored at -20
0C until required. 
 
2.9 Resistance Gene Analogue (RGA) isolation 
 
2.9.1 Amplification of RGA fragments 
 
Degenerate primers listed in Chapter 5, Table 5.1, were used to amplify RGAs. Reactions were 
carried out on a Perkin Elmer PE2400 thermal cycler in a 20l reaction volume. Each reaction 
contained  80ng  of  template  DNA,  2.5mM  MgCl2,  1U  Tth*  Plus  DNA  Polymerase  (Fisher 
Biotech), 1X PCR polymerisation buffer (Fisher Biotech, 1 X buffer is equivalent to 67mM 
Tris-HCl pH 8.8, 16.6mM [NH4]2SO4, 0.45% Triton X-100, 0.2 mg/ml Gelatin and 0.2 mM 
dNTP’s), 200M dNTPs, and 10pmol of both the forward and reverse primers. 
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2.9.2 Agarose gel electrophoresis 
 
DNA fragments were size fractionated by agarose gel electrophoresis using the Bio-Rad Mini 
Sub
TM  cell  or  the  Bio-Rad  Wide  Mini-Sub
TM  cell  apparatus.  For  separation  of  fragments 
between 200bp to 1500bp, a 1% agarose gel (Highlander Diagnostics) was prepared in 1 X TBE 
buffer (89mM Tris  base, 89mM  boric  acid  and  2mM  EDTA).  Gels  were  post  stained  in  a 
5g/ml TBE solution for visualisation of the DNA under UV light. 
 
2.10 Polyacrylamide gel electrophoresis 
 
 
DNA  fragments  produced  by  RAPD-PCR  were  analysed  by  electrophoresis  through  a  non 
denaturing  polyacrylamide  gel  using  the  Bio-Rad  Protean  II  electrophoresis  apparatus.  The 
apparatus was assembled according the manufacturer’s instruction and a 4.5% non denaturing 
polyacrylamide gel prepared in a 1 X TBE solution (89mM Tris base, 89mM boric acid and 
2mM EDTA). The gel was polymerised by the addition of 10% ammonium persulphate (0.6ml 
per gel) (Sigma-Aldrich) and TEMED (30l per gel) (Sigma-Aldrich). The gel was cast as per 
manufacturer’s instructions and allowed to polymerise for a minimum of one hour before use. 
For each sample, 8l of PCR product was mixed with 2l of loading buffer (0.1% Bromophenol 
blue, 80mM EDTA, 30% glycerol) and loaded into the wells. The gels were run at 120V for 5 
hours and post stained in a 5g/ml TBE solution for visualisation of the DNA under UV light. 
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2.11 Southern hybridisation 
 
2.11.1 Genomic DNA digestion 
 
Plant genomic DNA was digested for Southern blot analysis using the restriction enzymes Bam 
HI, Eco RI and Hind III. For each reaction, 20  g of genomic DNA was digested in 1 X 
restriction buffer, 25 units of restriction enzyme and 0.1 g of BSA in a final volume of 50 l. 
Digestions were carried out overnight at 37
0C. A 2l sample of each digested sample was 
analysed using agarose gel electrophoresis to ensure that digestion was complete. 
 
2.11.2 Gel Electrophoresis and Capillary Blotting 
 
Digested genomic DNA was separated for capillary transfer by gel electrophoresis using a 0.8% 
agarose gel prepared in 1 X TBE buffer (89mM Tris base, 89mM boric acid and 2mM EDTA). 
The gel was run at 80V for approximately 8 hours and then placed in 0.2 N HCl for 15 minutes 
before rinsing in distilled water. The gel was then soaked in 10 volumes of denaturation solution 
(1.5 M NaCl, 0.5M NaOH) and rinsed briefly in distilled water before being transferred to a 
neutralisation solution (1M Tris-HCl pH7.4, 1.5M NaCl) for a further 30 minutes. The gel was 
then inverted and placed on an upside gel tray which was covered in 3MM Whatmann filter 
paper. The ends of the blotting paper overhung the tray into a solution of 10 X SSC (1.5M 
NaCl, 0.15M sodium citrate, pH 7.0) acting as a wick. A nylon membrane (MSI magna charge 
membranes), which was pre-moistened in 10 X SSC, was then placed on top of the gel. Two 
layers of blotting paper were then placed on top of the membrane and a stack of paper towels 
were then added on top and weighed down with a heavy weight. The transfer was allowed to 
proceed for approximately 16 hours before the blot was dismantled. The membrane was then 
soaked in 6 X SSC for 5 minutes. In order to fix the DNA to the membrane for hybridisation,   58 
the membrane was then irradiated at 254 nm in a UV cross-linker (Biorad) and stored dry, in the 
dark at room temperature.  
2.11.3 Probe labelling  
 
DNA  probes  for  Southern  hybridisation  were  labelled  by  Nick  translation  using  DNase  I 
(Fermentas) and [
32P]dCTP (Amersham). Reactions were carried out on a Perkin Elmer PE2400 
thermal cycler in a 25l reaction volume. Each reaction consisted of 0.25 g of template DNA, 
1  X  reaction  buffer  (Fermentas,  1  X  reaction  buffer  is  equivalent  to  50 mM  Tris-HCl, 
10 mM MgCl2, 1 mM DTT), 50 M of dNTPs (Promega, dATP, dTTP and dGTP mix), 50-100 
Ci of [
32P]dCTP (Amersham) and 10 U DNA Polymerase I (Fermenatas). Reactions were 
incubated for 1 hour at 15
0C before the addition of 0.5nM of EDTA (pH 8.0). Unincorporated 
radioisotope was removed using the Sephadex G-50 NICK column (Pharmacia) according to the 
manufacturer’s instructions.  
 
2.11.4 Hybridisation 
 
For hybridisation, membranes were washed in 20 ml of pre-hybridisation solution (7% SDS, 0.5 
M  Na2HPO4,  1  mM  EDTA  pH  8)  equilibrated  to  65
0C  for  15  minutes  using  a  rotisserie 
hybridisation  oven  (Bartelt  Instruments,  XTRON  HI  2002)  rotating  at  10  rpm.  The  pre-
hybridisation solution was then discarded and the membrane allowed to hybridise at 65
0C for a 
minimum of 12 hours at 10 rpm with 15ml of pre-hybridisation solution, equilibrated to 65
0C, to 
which the probe had been added. Following hybridisation, membranes were rinsed briefly in 
wash buffer (2 X SSC, 0.1 % SDS) before being incubated in fresh wash buffer for 10 minutes 
at room temperature. The buffer was discarded and the incubation repeated. The buffer was 
discarded and the membrane was then incubated in a low stringency wash solution (1 X SSC, 
0.1% SDS) for 15 minutes at 65
0C. The membrane was removed and placed in plastic wrap   59 
(Glad Wrap) before being exposed to film (Kodak) at -80
0C for an appropriate length of time 
which varied between overnight to two weeks.   60 
Chapter 3. Characterisation of CMV resistance and five 
domestication traits in two segregating crosses of Lupinus luteus 
 
3.1 Introduction 
 
Lupins are an important grain legume crop in Australia with Western Australia being one of the 
major lupin production areas in the world. In Western Australia, virus diseases pose a major 
threat to the growth of lupins, with Bean yellow mosaic virus (BYMV) and Cucumber mosaic 
virus (CMV) being the two key pathogens. As CMV is spread non persistently by aphids and 
can be seed borne, crop losses up to 60% have been observed in years where aphids arrive early 
(Thackray  et  al.,  2004).  A  single  dominant  gene,  Ncm-1,  conferring  resistance  to  CMV  in 
yellow lupin cv Wodjil has been identified (Jones and Latham, 1996). Tested against a number 
isolates and across a number of seasons, Ncm-1 mediated resistance appears to be stable and 
broad ranging in specificity (Jones and Latham, 1996). This potential R gene halts the spread of 
the virus by prevention of its transfer through the plasmodesmata and resistance is observed as a 
hypersensitive  response  whereby  the  virus  is  localized  by  cellular  necrosis  at  the  site  of 
infection (Jones and Latham, 1996). The identification of the Ncm-1 gene presents an attractive 
target for breeding because genetic resistance is usually cost effective, stable and durable. The 
development  of  a  linked  molecular  marker  for  use  in  MAS  would  greatly  facilitate  the 
incorporation of resistance into advanced breeding lines. 
 
The purpose of the experiments reported in this chapter was to identify, from the segregating 
populations available, the most suitable population/s to use to develop a molecular marker for 
CMV  resistance.  Once  identified,  the  CMV  resistance  genotype  of  each  individual  in  the 
selected population/s could then be determined, together with the phenotype of five additional 
traits. These populations are then utilized in further molecular studies.   61 
The identification of molecular markers linked to CMV resistance requires the establishment of 
a unique segregating population from which traits can be tracked. Most commonly, the F2 
generation  of  a  population  is  used  for  this  purpose  as  it  is  at  this  generation  that  genetic 
segregation is first evident. However, the F3 generation from a cross can be more significant as 
it may not be possible to discriminate between homozygous and heterozygous individuals on F2 
data alone (Susuki et al., 1989). Information from F3 families derived from F2 individuals can 
contribute to determining the genotype of an F2 plant.  
 
Accurate determination of the F2 genotype is crucial, as the establishment of linkage between a 
marker and a trait is genotype based. The identification of linked markers through techniques 
such as Bulked Segregant Analysis (BSA) requires the accurate phenotyping of F2 individuals. 
Homozygous resistant and homozygous susceptible F2 plants must be identified in order to 
construct the bulked pools of DNA which are then analysed (Michelmore et al., 1991). The F2 
genotypic ratio of resistant to segregating to susceptible individuals is also used to estimate of 
the number of genes controlling the traits examined (Susuki et al., 1989). 
 
As  part  of the  domestication  process  of  L.  luteus,  four  wild  type  characteristics  have  been 
selected to improve agronomic performance. These were low alkaloid content, non-shattering of 
seed  pods,  seed  colour  and  growth  habit,  with  flower  colour  also  a  segregating  trait.  The 
segregation  of  these  traits  were  also  examined  in  this  project,  as  this  could  also  result  in 
developing molecular markers for these traits. 
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3.2 Materials and Methods  
 
3.2.1 Plants 
 
Nine populations of L. luteus were produced by Dr Beven Burchiell from the Department of 
Agriculture and Food WA (DAFWA) for this study. The crosses were made between the nine 
CMV  susceptible  accessions  P20873,  P27850,  P20881,  P28211,  P28212,  P28213,  P28214, 
P28215 and P28216, which were separately crossed with the common CMV resistant variety 
Wodjil.  Fifty  F2  seeds  were  planted  for  each  cross  with  two  seeds  sown  per  0.8  litre  pot 
(Section 2.1.3). 
 
Once the initial F2 populations had been evaluated, two crosses were selected for use in further 
molecular studies. Where available, twelve F3 seeds per F2 individual were surface sterilized 
and vernalised (Section 2.1.2) as previously described. The plants were sown at two plants per 
0.8 litre pot (Section 2.1.3) and grown in a randomly distributed layout in a temperature control 
glasshouse  where  members  of  a  given  F3  family  were  positioned  at  randomly  allocated 
positions within the room. Five replicates (5 pots of 2 plants per pot) of each of the parental 
lines were also sown as controls and subjected to the same conditions as the experimental 
plants. 
 
3.2.2 Plant Inoculation  
 
The plants were inoculated four weeks post germination using sap inoculation (Section 2.1.4). 
Both resistant (Wodjil) and susceptible (P28212 and P28213) parental controls were inoculated 
concurrently with all experimental plants for comparative analysis.  Directly after inoculation, 
all  plants  were  covered  with  damp  paper  for  24  hours  to  prevent  dehydration  through  the 
damaged cuticle.    63 
3.2.3 Phenotypic evaluation for CMV resistance 
 
Plants were assessed visually at 7 and 14 days post inoculation for the presence of and the 
number of necrotic lesions present on inoculated leaves. To prevent escapes, all plants where 
lesions were absent at 14 days, were re-inoculated and re-assessed at a further 7 days and 14 
days post inoculation. This re-inoculation procedure was repeated one additional time for any 
plant  which  did  not  appear  symptomatic  for  CMV  or  for  which  necrotic  lesion  were  not 
observed. A leaf sample was collected from all plants for confirmation of virus titre by ELISA 
testing (Section 2.2). Individuals were determined to be resistant to CMV where >2 inoculated 
leaves were observed to have well defined circular brown lesions on more than one leaflet 
(Figure 3.1) and ELISA tests indicated that virus was absent. In order to further utilize the 
molecular data generated, five traits known to be segregating in the population were phenotyped 
at the F2 generation in addition to CMV resistance for the cross between accession P28213 and 
Wodjil.  
   A          B  
 
 
Figure 3.1: L. luteus cv Wodjil post challenge with CMV (A) A CMV resistant L.luteus plant displaying 
necrotic lesions 7 days post challenge with CMV. Lesions are indicated with an arrow. (B) Enlargement 
of a CMV induced necrotic lesion. 
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3.2.4 Alkaloid level 
 
Plants  were  phenotyped  for  alkaloid  levels  at  approximately  6  weeks  post  germination.  A 
mature leaf was removed from each plant and sap obtained by lightly crushing the stem. The 
stem and sap was then touched to paper which had been presoaked with standard Dragendorf 
reagent and the colour change observed. Paper soaked with Dragendorf reagent was kindly 
provided by Dr Bevan Buirchell, Department of Agriculture and Food Western Australia. The 
level of alkaloids is determined by the colour produced from the sap. A plant with high alkaloid 
content (>0.3% in vegetative tissue) will induce a change in the colour of the paper from yellow 
to red.  
 
3.2.5 Growth habit, pod shattering, seed colour and flower colour 
 
The plants were inspected daily and the phenotype visually assessed for their growth habit, 
flower colour, maturity time, pod shattering and seed colour. The growth habit and vigour of the 
plants was visually determined at five weeks post germination. As the parental types, P28213 
and Wodjil were distinctly different in their growth habits, Wodjil being tall with restricted 
branching  and  P28213  being  small  and  rosetted,  scoring  of  the  growth  phenotype  was 
determined based on the similarity to the parental types, and scored as small (like P28213), 
medium (not like either parent) or tall (like Wodjil). Upon pod set, all pods were enclosed using 
brown  paper  bags  and  allowed  to  mature  naturally  as  plants senesced.  All  pods  were then 
harvested and presence or absence of pod shattering, and seed colour determined by visual 
inspection of seed pods and seeds. The parental types for seed colour were also observed to be 
distinctly different with Wodjil being white seeded and P28213 having dark and speckled seeds. 
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3.2.6 ELISA determination of virus infection  
 
To  confirm  the  visual  scoring  of  CMV  resistant  individuals  and  to  determine  the  level  of 
systemic infection present within the populations examined, an emerging leaf was collected 
from each plant at 60 days from the initial virus challenge and analysed for the presence or 
absence of CMV using ELISA as detailed in section 2.2. The antibody used was against the coat 
protein (CP) of CMV and antiserum was provided by Ms Brenda Coutts, DAFWA. 
 
3.3 Results 
 
3.3.1 Disease assessment of F2 populations 
 
Evaluation of the nine F2 populations for phenotypic variability yielded a broad spectrum of 
results. Since systemic infection by CMV can result in a substantial decrease in seed yield or 
plant mortality, repeated inoculation of F2 individuals was not carried out, because as many F3 
seeds as possible was required for further genetic study at the F3 level. Phenotypic expression 
of disease susceptibility was found to vary between populations resulting in a range of disease 
scores (Table 3.1). Of the nine crosses tested, the population constructed using P20873 and 
Wodjil  displayed  the  greatest  similarity  to  the  parental  phenotypes  producing  the  widest 
discrimination  between  the  resistant  and  susceptible  individuals.  Populations  resulting  from 
crosses  between  the  susceptible  accessions  P28212,  P28213,  P28215  and  P27850  and  the 
resistant cultivar Wodjil were also found to exhibit symptoms close to the parental phenotypes. 
Distinct  necrotic  lesions  (Figure  3.2  A  and  3.2  B),  representative  of  the  resistant  parental 
phenotype, as well as plants with stunted growth and leaf distortion (Figure 3.2 A and 3.2 C), 
representative  of  the  susceptible  parental  phenotype,  were  observed,  enabling  clear 
discrimination of individuals within the population. The remaining populations were found to   66 
display background phenotypic effects where the parental phenotypes were not easily observed 
within the populations.   
 A    
  B                         C 
Figure  3.2:  Parental  phenotypes  associated  with  infection  with  CMV  L.  luteus  (A)  L.  luteus  plants 
displaying the parental phenotype 28 days following primary inoculation with CMV. (B) Magnification 
of the parental variety Wodjil as seen in Figure A showing the resistant phenotype characterised by 
necrotic lesions. (C) Magnification of the P28213 accession as seen in Figure A showing the susceptible 
phenotype characterised by stunted growth and down curling of leaves. 
 
 
 
 
C- Wodjil 
B – P28213   67 
 
Table 3.1 : Phenotypic evaluation of F2 segregating populations for background effects on the expression 
of the parental phenotype. All susceptible parental lines were crossed with the same resistant line  L. 
luteus cv. Wodjil 
 
Cross 
with L.luteus 
(Wodjil) 
Number 
planted 
No.  plants  with 
lesions 
No.  of  plants  with 
systemic symptoms 
No. of plants without 
symptoms 
P20873  
Wodjil 
50  35  8  7 
P20881  
Wodjil 
50  5  0  45 
P27850  
Wodjil 
50  12  4  34 
P28211  
Wodjil 
50  0  4  46 
P28212  
Wodjil 
50  12  5  33 
P28213  
Wodjil 
50  18  4  28 
P28214  
Wodjil 
50  0  1  49 
P28215  
Wodjil 
46  8  5  33 
P28216  
Wodjil 
49  11 
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3.3.2 Evaluation of F3 populations for CMV resistance 
 
Preliminary data obtained from the assessment of the F2 populations (Table 3.1) indicated that 
the cross between the susceptible accession P20873 and the resistant parent Wodjil most closely 
resembled the parental CMV phenotypes and was initially selected for phenotypic evaluation 
for molecular marker studies. Poor infection resulting in the production of little to no necrotic 
lesions and an absence of systemic infection was obtained after a mechanical problem with 
temperature regulation in the glasshouse. The expected segregation ratio of 1:2:1 for a single, 
dominantly inherited gene was not observed, with less than 30% of the population displaying 
necrotic lesions after repeated virus challenge. As very little seed remained from this cross, the 
populations  constructed  between  the  susceptible  accessions  P28212  and  P28213  and  the 
resistant parent Wodjil were selected to for evaluation to replace the cross lost due to this 
malfunction.  
 
F2  individuals  were  assessed  and  grouped  in  four  broad  groups  based  on  the  presence  of 
necrotic lesions in F3 families. Classification of F2 individuals was determined by the number   68 
of  F3  family  members  that  showed  necrotic  lesions  post  inoculation  and  the  number  of 
inoculated leaves observed to be covered in lesions. For example, F2 individuals were classified 
to be in the 0-25% (susceptible) group if less than one quarter of F3 family members was 
observed to show necrotic lesions and if less than one quarter of the infected leaf area displayed 
necrotic lesions. F2 individuals were only classified into the 75%-100% (resistant) if all F3 
family  members  were  observed  to  display  necrotic  lesions.  In  the  analysis  of  the  CMV 
resistance status of the selected populations, large numbers of F2 individuals were observed to 
fall into the intermediate phenotype (25-75% of F3 family members displaying necrotic lesions, 
Table  3.2)  indicating  a  heterozygous  CMV  genotype.  Both  populations  did  not  markedly 
deviate from the expected ratio of 3 : 1 for a dominantly inherited gene (
2 = 3.24, p = 0.198 for 
P28213 X Wodjil and 
2 = 3.84, p = 0.146 for P28212 X Wodjil), however the 
2 value for the 
P28212 X Wodjil population was at the upper limit for significance. Greater numbers of distinct 
parental phenotypes were also observed for the P28213 X Wodjil cross in comparison to the 
P28212 X Wodjil population (Figure 3.3 and Figure 3.4). As phenotypic expression of CMV 
resistance was more distinctly seen in the P28213 X Wodjil population and the distribution of 
this population more closely fitted the 3 : 1 expected ratio for the inheritance of CMV as a 
single dominant gene, this cross was chosen for further molecular marker analysis.  
 
Table 3.2 : Distribution F2 individuals of crosses P28212 X Wodjil and P28213 X Wodjil for necrotic 
lesions following assessment of F3 families by CMV challenge.  
 
Cross  % F3 family members displaying necrotic lesions 
  0-25  25-50  50-75  75-100 
P28212 X Wodjil  6  17  8  7 
P28213 X Wodjil  8  18  13  11 
P28212 control individuals  10       
P28213 control individuals  10       
Wodjil control individuals        20 
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Figure 3.3 : Distribution of F2 individuals for the P28213 X Wodjil population based on the presence of 
necrotic lesions following inoculation with CMV. 
 
 
 
Figure 3.4 : Distribution of F2 individuals for the P28212 X Wodjil population based on the presence of 
necrotic lesions following inoculation with CMV. 
 
 
In addition to CMV resistance, F3 individuals were further phenotyped for other seed quality 
and agronomic traits as detailed in sections 3.2.4 and 3.2.5 with the aim of indentifying linked 
molecular  markers.  With  the  exception  of  alkaloid  content,  all  parental  phenotypes  were 
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considered to be homozygous in each parent. The distribution of F2 individuals for each of the 
parental phenotypes are indicated in Table 3.3.  
 
Table 3.3 : Phenotypic classification for cross P28213 X Wodjil. Similarity to parental phenotypes is 
indicated. 
 
  Classification of Progeny    
Phenotype  Wodjil-like  Segregating  P28213-like  
2  p-value 
CMV resistance  8  31  11  3.24  0.198 
Alkaloid content  10  38  1  72.306  1.99E-16 
Flower colour  9  30  10  2.510  0.285 
Pod shattering  8  33  8  5.898  0.052 
Seed colour  12  31  6  4.918  0.085 
Growth habit  8  32  9  4.633  0.099 
 
The resistance status of each plant for both the populations was confirmed by detecting the 
presence of virus particles using ELISA (Section 3.2.6). Some individuals, scored absent for 
lesions and systemic symptoms, were found to have a low viral titre for CMV, indicating low 
levels  of  infection.  The  detection  of  virus  titre  in  asymptomatic  individuals  assisted  in  the 
further classification of F2 individuals to the three phenotypes in line with the expected 1:2:1 
ratio for a single dominant gene. Of the 31 F2 individuals within this phenotype in the P28213 
X  Wodjil  population,  nine  were  reclassified  following  ELISA  analysis  resulting  in  the 
regrouping of the F2 individuals into three phenotypes (Figure 3.5). Six individuals which were 
initially classified as segregating of CMV resistance, because a few family members had no 
necrotic lesions, were found to have no virus infection, while three individuals where a small 
number of family members were observed to have no necrotic lesions and disease symptoms, 
were found to contain low levels of virus. Two individuals were found to have too few family 
members (<6) to produce an accurate estimation of phenotype.  Within the P28212 X Wodjil 
population,  4  individuals  with  the  intermediate  phenotype  were  reclassified  following  the 
ELISA analysis (Figure 3.6). All these individuals were found to be negative for virus titre and 
were reclassified to resistant. No virus was detected in any individual where necrotic lesions   71 
were observed. The ELISA values for each F3 individual for both the populations studied is 
presented in Appendix 8.1 and 8.3.  
 
 
Figure 3.5: Distribution of F2 individuals for the P28213 X Wodjil population based on the detection of 
viral titre following analysis using ELISA. Where small numbers of one phenotype are present within an 
large family, classification reflects the overall observed phenotype, not the averaged ELISA value. 
 
 
 
Figure 3.6: Distribution of F2 individuals for the P28212 X Wodjil population based on the detection of 
viral titre following analysis using ELISA. Where small numbers of one phenotype are present within an 
large family, classification reflects the overall observed phenotype, not the averaged ELISA value. 
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Since CMV resistance in this genetic background is considered to be the result of a single 
dominant gene (Jones and Latham, 1996), the genotypic ratio in a segregating F2 population is 
expected to follow a 1:2:1 distribution. Analyses of the F3 families of the F2 populations used, 
were  examined  in  order  to  identify  heterozygous  individuals  and  determine  the  genotypic 
distribution of CMV resistance at the F2 generation. Of the two populations examined, the 
distribution of F2 families in the P28213 X Wodjil cross was found to more closely fall within 
this expectation. The correlation between the visual phenotypic scoring of the population and 
the ELISA values obtained indicates that the phenotypic data can be reliably used in further 
molecular studies.  
 
Further examination of the ELISA values obtained for the F3 individuals of the  P28213 X 
Wodjil cross revealed that a low virus titre was obtained in at least one F3 family member of all 
F2 individuals determined to be homozygous for CMV susceptibility. As visual scoring was 
used to determine the presence the necrotic lesions on individuals, average ELISA values were 
determined for all F3 families and the correlation to the CMV lesion scores examined (Table 
3.4). The averaged absorbance values observed ranged been 0.019, which was equivalent to the 
background value, and 0.284, which was similar to the values observed for the positive host 
plant  controls.  Where  100%  correlation  was  not  observed  between  ELISA  values  and  the 
presence of necrotic lesions, the F3 individuals in question were found to display no symptoms 
or lesions. The distribution of indivudal F2 families following ELISA for both popuations 
studied is presented in Appendix 8.2 and 8.4.  73 
Table 3.4 Correlaton of the % of F3 individuals, that displayed CMV lesions in the P28213 X Wodjil population, to averaged ELISA values. Percentage 
correlation is determined by the comparison of the number of F3 family members with necrotic lesions and the virus tire obtained for those individuals, that is if 
all  F3  individuals  in  an  F2  family  have  no  necrotic  lesions  and  all  members  have  a  positive  virus  titre,  the  percentage  correlation  is  100. 
F2 Family 
Number  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
% of individuals 
with CMV lesions 100 0 92 60 50 83 100 100 100 30 80 100 75 30 10 0 80 100 0 100 0 10 50 67 25
Av ELISA value 0.031 0.258 0.056 0.081 0.112 0.032 0.039 0.048 0.046 0.139 0.068 0.033 0.081 0.168 0.279 0.284 0.075 0.042 0.263 0.030 0.135 0.319 0.069 0.063 0.219
% Correlation 100 100 92 100 100 83 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 78 100 100 75
F2 Family 
Number  26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
% of individuals 
with CMV lesions 50 17 100 100 8 25 20 57 0 75 83 86 83 na 50 37.5 40 30 50 0 na 60 100 83 100
Av ELISA value 0.098 0.161 0.047 0.052 0.203 0.219 0.182 0.093 0.277 0.022 0.066 0.040 0.052 0.025 0.074 0.078 0.047 0.069 0.064 0.165 0.019 0.084 0.019 0.040 0.060
% Correlation 100 83 100 100 83 75 80 100 100 75 100 100 100 na 100 100 100 100 100 100 na 100 100 100 100
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3.4 Discussion 
 
The isolation of molecular markers and the production of genetic maps cannot be achieved 
without the use of well characterised and specifically established populations. Where markers 
linked to a specific gene or trait is to be studied or mapped, a population is required where the 
particular  phenotype  can  be  clearly  identified  and  segregation  of  the  gene  or  trait  can  be 
observed. In order to characterise and isolate a molecular marker linked to the Ncm-1 gene, 
which confers resistance to CMV in the yellow lupin cv Wodjil, nine populations constructed 
using Wodjil as the resistant parent were evaluated for CMV resistance at the F2 level. From 
these  preliminary  evaluations,  two  crosses,  Wodjil  X  P28212  and  Wodjil  X  P28213  were 
identified to most closely resemble the parental phenotypes and selected for further analysis at 
the F3 level to identify heterozygous F2 individuals. 
 
As for the Arabidopsis thaliana CMV(Y) resistance gene RCY1 (Takahashi et al., 2002), CMV 
resistance in yellow lupin is charactised by a hypersensitive response where virus spread is 
localized to the site of infection by the development of a necrotic lesion (Jones and Latham, 
1996). Resistance, in both cases is considered to be conferred by a single dominant gene. The 
presence of necrotic lesions was used to phenotype all populations in the evaluation of CMV 
resistance  as  this  phenotype  was  easy  to  observe  and  quantify.  Based  on  the  F3  data,  the 
expected segregation ratio for a single dominant gene was observed at F2 for both the Wodjil X 
P21212 and Wodjil X P28213 populations although statistical analysis indicates that 
2 values 
are close to the upper level for significance (
2 = 3.24, p = 0.198 for P28213 X Wodjil and 
2 = 
3.84, p = 0.146 for P28212 X Wodjil). The deviation observed from the expected ratio suggests 
that more than one gene, possibly a major gene with minor modifiers, may be involved in CMV 
resistance in this background. ELISA analysis of systemic infection using virus titre of the 
Wodjil  X  P28213  population  however,  more  clearly  discriminated  between  susceptible  and   75 
segregating individuals and allowed the reclassification of a number of segregating F2 plants 
resulting in 
2 value closer in significance to that expected for a single dominant gene  (
2 = 
1.33, p = 0.51).  
 
The differences observed between the phenotypic evaluation completed by visual scoring and 
that  done  using  ELISA  analysis  highlights  the  requirement  for  reliable  methods  for  virus 
inoculation  as  well  as  for  the  identification  of  resistant  and  susceptible  phenotypes.  The 
presence of low levels of virus titre in individuals where no CMV symptoms and no necrotic 
lesion were observed suggests that additional environmental factors may influence infection rate 
and the expression of disease. The use of sensitive, serological tests such as ELISA to validate 
infection is extremely important to confirm infection rates where the expression of symptoms is 
not definitive. Although the appearance of necrotic lesions is an obvious and easily observed 
characteristic of CMV resistance in L. luteus, unrelated physiological disorders and mechanical 
damage may also contribute to the presence of a spotted phenotype. Several non genetic factors, 
including  temperature,  light,  nutrition,  air  movement,  moisture,  the  difference  in  plant 
development rate, the inoculation method used, and the dose of inoculum may also contribute to 
the manifestation of disease resistance (Gomez et al., 2009; Liu et al., 2009). In pepper, studies 
by Stoimenova and colleagues (2005) indicate that the virus concentration of the inoculum used 
for plant infection greatly influences the expression of CMV resistance. For the pepper line 
L113, where resistance manifests as necrotic lesions, resistance was overcome in 66.7% of 
plants when the inoculum concentration was 75 g/ml CMV. At levels of 50 g/ml of CMV and 
lower, virus was detected only on inoculated leaves. Systemic infection was detected in all 
CMV resistant pepper lines at a higher level of 75 g/ml CMV (Stoimenova et al., 2005). As the 
virus concentration of inoculum used for phenotypic evaluation is not commonly quantified, it 
is possible that variation observed within a population is influenced by inoculum dosage.  
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Optimal accumulation and spread of virus within plant systems has also been shown to be 
temperature sensitive. At elevated temperatures, natural resistance to CMV can be overcome in 
a number of crop species including pepper and potato (Nono-Womdim et al., 1991; Valkonen 
and Watanabe, 1999). In a study by Celebi-Toprak and colleagues (2003), 16 out of 22 potato 
cultivars challenged with a subgroup I strain of CMV were found to be resistant to systemic 
infection when plants were grown at 24
0C, however all plants inoculated and grown at 30
0C 
developed  systemic  infections,  with  most  genotypes  showing  symptoms  of  CMV 
infection(Celebi-Toprak et al., 2003). It is interesting to note that some strains of CMV have 
also been observed to fail to multiply at elevated temperatures, with no accumulation detected at 
36
0C  (for  review  see  (Liu  et  al.,  2009)).  It  is  evident  that  careful  monitoring  of  growth 
temperature is required to ensure optimal virus infection and resistance manifestation and that 
CMV resistance may be genetically more complex in different host systems where more than a 
single dominant gene is involved.  
 
Inoculation methods are also an important factor when considering disease expression. In a 
natural system CMV is spread in lupins non-persistently via aphids. The transmission of disease 
mechanically and via vectors can yield different results as reported by Marco and colleagues 
(2003). Therefore it is important to ensure that infection procedures used do not differ too 
significantly from those in natural systems and that any inoculation process used achieves a 
100% infection rate on susceptible individuals test (Gomez et al., 2009). 
 
In  yellow  lupin,  CMV  infection  results  in  the  down  curling  of  leaves,  stunted  growth  and 
reduced seed yields. Where infection is severe, plant mortality can occur, resulting in no seed 
being obtained. This reduction of seed numbers in individuals carrying the susceptible genotype 
can pose a problem if successive generations are required for genetic analysis. As observed in 
this  study,  F2  individuals  which  were  susceptible  to  CMV  produced  a  significantly  lower   77 
number of seeds. In the P28213 X Wodjil population, 57% of F2 individuals determined to be 
homozygous for CMV resistance, had a total yield of less than or equal to 8 seeds available at 
F3,  as  compared  to  29%  and  21%  in  heterozygous  and  homozygous  CMV  susceptible  F2 
individuals respectively.  It is noted that while large populations are a  significant  benefit to 
genetic association analysis, infection of F2 lines to assay for virus resistance can result in 
significant losses of lines due to sensitivity to the virus. A clear outcome from the work in this 
thesis is that seed yields can be maximised by limiting CMV challenge to later generations. 
 
In  order  to  minimize  the  impact  of  these  external  factors  on  the  manifestation  of  CMV 
resistance in the populations tested for this study, a range of controls were included to determine 
if  the  results  obtained  were  reliable  for  use  in  further  association  experiments.  Repeated 
inoculation,  temperature  monitoring,  serological  detection  and  the  inclusion  of  numerous 
control  individuals  were  used  to  limit  the  effects  of  external  variation  in  phenotyping.  As 
mechanical  infection  by  CMV  can  be  affected  by  many  factors  and  the  identification  of 
susceptible individuals is not via simple, visual and easily quantifiable means, care must be 
taken  in  monitoring  all  aspects  of  variation.  CMV  infection  and  resistance  appears  to  be 
complex in nature and it would be prudent in future studies to evaluate a number of additional 
elements not routinely carried out in phenotyping experiments. These include, (1) determining 
the concentration of inoculum used in each virus challenge to ensure uniform expression of 
disease infection and to reduce the number of escapes (2) Tighter control of temperature in 
experiments and (3) Parallel infection studies using aphid vectors to ensure the significance of 
mechanical inoculation to field infection. Inclusion of these tests, in addition to those already 
employed in this study, would ensure a greater uniformity of germplasm screening and allow 
the fine dissection of resistance phenotypes and multi-gene effects. 
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Chapter 4. Identification of molecular markers linked to 
CMV resistance. 
 
4.1 Introduction 
 
Genetic markers have been used in biology long before the hereditary nature of DNA was 
known (Paterson et al., 1991) and have been fundamental in crop improvement. Since 1980, 
when RFLPs were first used to identify many molecular markers, based on differences in their 
DNA (Botstein et al., 1980), a series of genetic maps for a wide range of organisms have been 
produced (Madsen et al., 2003; Menz et al., 2002; Roder et al., 1998). These maps can serve to 
locate genes of interest, facilitate marker assisted breeding and map based cloning, as well as 
provide the framework towards understanding the biological basis of complex traits (Vuylsteke 
et al., 1999). The complete genome of many model species such as Arabidopsis and Medicago 
truncatula  are  also  available,  providing  a  valuable  resource  for  marker  discovery  using 
comparative  genomics  through  identifying  regions  of  synteny  between  model  and  crop 
genomes.  
 
 
The construction of genetic maps has generally incorporated a range of marker types including 
RAPD, RFLP, AFLP, SSR, SNP and microsatellites. Because an array of techniques exist for 
marker discovery, the choice of which would be most appropriate depends on a number of 
factors.  These  include  the  organism  which  is  to  be  investigated,  the  amount  of  sequence 
information  available  for  this  organism  and  related  species,  the  size  of  the  population  in 
question,  the  availability  of  resources  and  the  specific  application  of  marker  required. 
Techniques  such  as  RFLP,  SSR,  SNP  and  microsatellites  require  knowledge  of  the  target 
sequences and information from related species is often of limited use. In cases where little or   79 
no prior sequence information exists, methods such as RAPD and AFLP have often been used 
as these do not require knowledge of sequence information. 
 
The Ncm-1 gene which was first identified in Lupinus luteus (Jones and Latham, 1996) is a 
dominant gene  which confers resistance to CMV. In Australia, CMV is a major pathogen of a 
large range of crop species, including legumes, and in lupins the disease can be seed borne 
allowing the infection to persist after control methods have been initiated (Thackray et al., 
2004). The use of a molecular marker for disease resistance provides a basis for tracking disease 
resistance in a breeding program at early stages and without the need for the infection process. 
The development of a molecular marker linked to CMV resistance would assist in the selection 
of lines carrying the Ncm-1 gene and facilitate the incorporation of resistance into the breeding 
program 
 
In comparison with other crop species, little genetic information is available for L. luteus. As no 
prior sequence knowledge existed and only small segregating populations were available for 
this study, RAPDs and fluorescent AFLPs were chosen as the most appropriate techniques to 
identify a molecular marker linked to CMV resistance. The aim of this study was to use RAPD 
and  AFLP  markers  for  generating  polymorphism  in  populations  segregating  for  CMV 
resistance, and to utilize these to identify a marker linked to the Ncm-1 resistance gene in L. 
luteus cv Wodjil.   
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4.2 Materials and Methods 
 
4.2.1 DNA extraction 
 
Total  genomic  DNA  was  extracted  using  the  Nucleon  PhytoPure  DNA  extraction  kit 
(Amersham) (section 2.3). Following the extraction, samples were quantified (section 2.4) and 
diluted to a final concentration of 50 ng/l in 0.1 X TE for use.  
 
4.2.2 Random Amplified Polymorphic DNA (RAPD) 
 
RAPD-PCR was carried out on parental DNA from all 11 parental lines using primer sets OPH, 
OPI, OPL, OPM and OPN obtained from Operon Technologies. Amplification reactions were 
carried  in  10l  volumes  containing  10ng  of  DNA,  5  X  PCR  polymerisation buffer  (Fisher 
Biotech, 1 X buffer is equivalent to 67mM Tris-HCl pH 8.8, 16.6mM [NH4]2SO4, 0.45% Triton 
X-100, 0.2 mg/ml Gelatin and 0.2 mM dNTP’s), 2 mM MgCl2, 10M of each primer and 1 unit 
of Tth* DNA polymerase (Fisher Biotech). Cycling consisted of an initial denaturation at 94
0C 
for 3 min, followed by 10 cycles of denaturation at 94
0C for 5 sec, annealing at 35
0C for 30 sec 
and extension at 72
0C for 1 min. An additional 25 cycles of denaturation at 94
0C for 5 sec, 
annealing at 45
0C for 30 sec and extension at 72
0C for 1 min was then performed. All reactions 
were  cycled  in  a  Perkin-Elmer  GeneAmp  PCR  thermocycler  (2400  or  9700).  Fragments 
obtained from the RAPD-PCR were visualized by electrophoresis on a 4.5 % polyacrylamide 
gel in 1 X TBE. 
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4.2.3 Amplified Fragment Length Polymorphisms 
 
4.2.3.1 AFLP reactions 
 
Fluorescent AFLP reactions were carried out in 20l volumes and visualized as described in 
section 2.7. A total of 64 primer combinations were possible based on the 16 different primers 
which  were  available  (Table  4.1).  Of  the  64  combinations  42  were  tested  on  all  of  F2 
individuals from the P28213 X Wodjil  L. luteus population. 
 
Table 4.1: Primers used for selective AFLP amplification. 
Primer name  M1  M2  M3   M4  M5  M6  M7  M8 
3’ composition  -CAA  -CAA  -CAA  -CAA  -CAA  -CAA  -CAA  -CAA 
Primer name  E1  E2  E3  E4  E5  E6  E7  E8 
3’ composition  -AAC  -AAG  -ACA  -ACC  -ACG  -ACT  -AGC  -AGG 
 
 
4.2.3.2 Data analysis 
 
GeneScan Collection and GeneScan analysis software (Version 2.1) (ABI Applied Biosystems) 
was used to collect and analyse the AFLP data. The electropherograms from both the resistant 
and susceptible parental lines for each primer combination were overlaid and the polymorphic 
peaks identified by size (in bp) and height. Each F2 individual for the same primer set was then 
compared directly with the parental electropherograms and the polymorphisms present scored as 
outlined on table 4.2. The completed data set for each primer combination was then transferred 
to an excel spreadsheet (Microsoft) and exported in the program MAPMAKER (version 3.0) 
where genetic linkage was determined. 
 
 
 
   82 
Table 4.2 : Scoring system used for the assessment of AFLP fragments generated for linkage analysis on 
MAPMAKER 
 
Score  Source 
A  Homozygous polymorphism originating from the susceptible parent (Wodjil) 
B  Homozygous polymorphism originating from the resistant parent (P28213) 
C  Polymorphism not originating from the susceptible parent 
D  Polymorphism not originating from the resistant parent 
H  Heterozygous 
 
4.3.2.3 MAPMAKER 3.0 analysis 
 
Linkage  analysis  was  performed  separately  on  each  population  using  the  MAPMAKER 
program. Phenotypic data obtained from the corresponding populations was combined with the 
data  obtained from  the  analysis  of  the  AFLP reactions.  Each  phenotypic characteristic  was 
entered as locus and scored accordingly. As CMV resistance, in the populations studied, is a 
dominant  trait,  F2  plants  were  scored    as  A  for  homozygous  resistant  individuals,  B  for 
homozygous susceptible individuals,  C for those which were not homozygous resistance and D 
for  those  which  were  not  homozygous  susceptible  individuals  (that  is  either  homozygous 
resistant or heterozygous). 
 
Based on the linkage groups determined by the MAPMAKER program, linkage was considered 
to be significant if the logarithm of odds (LOD) score was ≥ 3.0 and the maximum distance was 
≤ 30 cM using two point analysis. Once the groups of linked markers had been determined, the 
putative map distances were calculated using two point analysis.  
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4.3.2.4 MapManager QTX analysis 
 
QTL analysis using the data obtained from the AFLP analysis and the ELISA scores observed 
from the P28213 X Wodjil population was performed for CMV resistance using MapManager 
QTXb20 (Manly et al., 2001). The ELISA value obtained for all F3 individuals within an F2 
family was averaged and the value used directly for interval mapping. Marker order and simple 
interval regression analysis was performed using the Kosambi map function. The significance 
level applied for linkage was set at a probability value of P=0.05. 
 
4.2.4 Radio-isotope labelling of reactions 
 
Isotope labeled AFLP reactions were used to isolate fragments determined to be linked to CMV 
resistance.  A standard restriction-ligation and pre-selective AFLP reaction was carried out for 
each parent as detailed in sections 2.6.1 and 2.6.2. Selective AFLP reactions using standard, non 
labeled primer pairs, and incorporating α-
33P-dCTP (Geneworks) was then carried out using the 
diluted pre-selective template. Each selective amplification reaction was carried out in 10l 
volumes  containing  1.5  l  of  the  diluted  pre-selective  PCR  product,  2.0  l  of  5  X  PCR 
polymerisation buffer (67 mM Tris-HCL, pH 8.8, 16 mM (NH4)2SO4, 0.45% Triton X-100, 0.2 
mg/ml Gelatin, 0.2 mM dNTPs), 2.7 mM MgCl2, 0.5 U Tth Plus DNA polymerase (Fisher 
Biotech), 5 M MseI primer [Primer-Cxx], 1 M Eco RI primer [Dye-Primer-Axx] and 0.2 l 
α-
33P-dCTP (10mCi/ml). Reactions were then cycled as per standard AFLP reactions detailed in 
section 2.6.3. 
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4.2.5 Non denaturing polyacrylamide gel electrophoresis 
 
Individual AFLP reactions for fragment recovery were analysed by electrophoresis on a 6% 
denaturing polyacrylamide gel (7M Urea) prepared in 1 X TBE (89mM Tris base, 89mM boric 
acid  and  2mM  EDTA)  using  a  Sequi-Gen®GT  Nucleic  Acid  Sequencing  Cell  (Bio  Rad 
Laboratories). The glass plates were cleaned prior to use, using 100% ethanol, before the top 
plate was siliconised with Sigmacote® (Sigma-Aldrich) and the apparatus assembled as per 
manufacturer’s instructions. For casting a 38X50X0.04 cm gel, 16.5 ml of 40% Acrylamide/Bis 
solution (19:1) (Bio Rad Laboratories) was added to 11ml of 10 X TBE stock (890mM Tris 
base, 890mM boric acid and 20 mM EDTA) with 7 M urea and made up to a total volume of 
110 ml with sterile distilled water. The gel was polymerized by the addition of 110l of 25% 
ammonium persulphate (Sigma-Aldrich) and 60l of TEMED (Sigma-Aldrich).  The gel was 
allowed to polymerise for a minimum of two hours before use. 
 
Before each electropheresis run, the gel temperature was raised to an optimal temperature of 
40
0C by pre-running at a constant power of 70V for approximately 1 hour. Two microlitres of 
loading  buffer  (95%  formamide,  20mM  EDTA,  pH8.0,  0.05%  bromophenol  blue,  0.055% 
xylene cyanol) was then added to 5l of PCR product and denatured at 95
0C for 5 min before 
loading onto the gel. The gel was then run at a constant power of 120V for 8 hours. 
 
4.2.6 AFLP detection and fragment recovery 
 
On the completion of the electrophoresis, the isotope labelled AFLP gel was transferred directly 
onto 3 MM Whatman filter paper and covered with Saran wrap. The gel was then clamped 
securely, in the absence of light, to high sensitivity X-ray film (Super HR-G 30 film, Fuji) and 
allowed to expose overnight at -80
0C in a film cassette.    85 
After processing, the film was realigned with the gel using puncture marks made previously as a 
reference. The appropriate band/s were identified based on size and excised using a sterile 
scalpel blade taking care to remove the  minimum amount to gel possible. The excised gel 
fragments were then transferred into 20l of sterile TE buffer (10mM Tris-HCl, 1mM EDTA, 
pH 8.0) and stored at -20
0C until required. 
 
4.3 Results 
 
4.3.1 RAPD Analysis 
 
Initial screening of the parental lines using RAPD PCR generated little to no polymorphisms 
(Figure 4.1). Of the 65 primer pairs tested only 27 resulted in a polymorphism between the 
resistant L. luteus parent, Wodjil, and one or more of the susceptible accessions. Of these only 3 
primer  pairs  tested  were  able  to  distinguish  between  the  resistant  line  and  all  10  of  the 
susceptible  accessions.  However,  when  these  RAPD  reactions  were  repeated,  the  same 
polymorphisms were not observed consistently. 
 
         
Figure 4.1. A typical RAPD PCR of  L. luteus parental varieties. The primer pair shown is OPK 15 
(Operon Technologies). Lane M: Llambda size standard (Promega) Lane 2: Wodjil Lane 3: P23293 Lane 
4: P28212 Lane 5: P28213 Lane 6; P28214 Lane 7: P28215 Lane 8: P28216 Lane 9: Wodjil Lane 10: 
P23360 Lane 11: 27850 Lane 12: P27858 Lane 13: P20873 Lane 14:P28211 Lane 15: H2O negative 
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4.3.2 AFLP Analysis 
 
In comparison to the RAPD technique, the fluorescent AFLP analysis generated a larger number 
of polymorphic fragments per primer pair. From the 42 primer pairs tested 319 polymorphic 
fragments were identified between the susceptible L. luteus parent Wodjil and the susceptible 
accession P28213 (Table 4.3). These were tested against all 50 F2 samples and the data used 
through the MAPMAKER program to identify linkage.  
 
Table  4.3:  Primer  combinations  used  for  AFLP  analysis.  The  number  of  polymorphisms  generated 
between the parental lines Wodjil and P28213 is listed for each primer combination tested 
 
  E1 
-AAC 
E2 
-AAG 
E3 
-ACA 
E4 
-ACC 
E5 
-ACG 
E6 
-ACT 
E7 
-AGC 
E8 
-AGG 
M1 
-CAA 
8  8  4  5  4  13  7  8 
M2 
-CAC 
11  4  6  6  9  8  13  9 
M3 
-CAG 
7  7  4  3  4  4  7  7 
M4 
-CAT 
10  8    12  2  16    8 
M5 
-CTA 
6  6    6    4  10  6 
M6 
-CTC 
9  10    9         
M7 
-CTG 
      8         
M8 
-CTT 
      4      5   
 
  
4.3.3 Linkage analysis 
 
Before commencing the linkage analysis, a Chi square test was performed on all of the AFLP 
data generated. Of the 319 AFLP markers examined, 256 complied with the Chi squared fitness 
test. These were grouped and used separately for linkage analysis. Linkage analysis was also 
performed on the total data set to identify the greatest number of linked markers possible. A 
total of 12 linkage groups were obtained following linkage analysis. Of the 319 polymorphic   87 
fragments  identified  using  AFLP,  19  markers  were unlinked,  generating  a total  mapsize  of 
5204.5 cM. Linkage group one which contained the CMV resistance locus was found to be the 
largest linkage group, containing 142 markers. The remaining markers were evenly distributed 
amongst the 11 other linkage groups. 
 
In order to identify AFLP markers linked to CMV resistance, the CMV resistance phenotype 
was scored based on a combination of both the visual assessment of necrotic lesions and the 
ELISA data from each F3 family (Section 3.2.3 and 3.2.6). These two evaluations of the CMV 
genotype  were  included  separately  for  analysis.  Scoring  based  on  visual  assessment  of  the 
necrotic  lesions  was  termed  CMV1  while  the  assessment  based  on  the  visual  assessment 
combined with ELISA values was termed CMV2. 
 
A number of markers associated with phenotypic traits of interest were identified using the 
MAPMAKER 3.0 analysis package. These included three markers linked CMV resistance, three 
markers linked to low alkaloids, one linked to the orange flower colour and two markers linked 
to non shattering pods (Figure 4.2.). Interestingly, an additional marker originating from the 
susceptible parent P28213 was also identified to be associated to CMV resistance. Both the 
CMV1 (visual score) and CMV 2 (reclassified data) disease assessments were found to be 
tightly associated and is represented as a single CMV resistance trait in Figure 4.2.   88 
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Figure 4.2. Polymorphic fragments segregating with CMV resistance, low alkaloid levels, the orange 
flower colour and the non-shattering pod phenotype. The fragment size and the primer combination are 
indicated on the right. Distances are indicated on the left in cM.  
 
As the CMV resistance phenotype was scored based on a combination of two data groups, QTL 
linkage analysis was also performed using the averaged values of the ELISA readings obtained 
from each F3 family (Figure 4.3). In general, markers observed to be linked to CMV resistance 
in the initial MAPMAKER 3.0 analysis were also determined to fall within the QTL identified 
using  the  averaged  ELISA  values.  With  the  exception  of  fragment  M6E1T117,  all  AFLP 
fragments initially identified to be associated with CMV resistance by MAPMAKER 3.0 were 
located within or lose to the QTL produced using ELISA values.   89 
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Figure 4.3 QTL regression analysis scan for QTL (MapManager QTX 20b) for CMV resistance as 
determined using the averaged ELISA values associated with P28213 X Wodjil population. The 
likelihood ratio stat istic is represented by a black line, while the additive regression co -efficient is 
represented by a red line. Areas of significance are highlighted in blue.  AFLP markers associated with 
CMV resistance identified in the initial MAPMAKER 3.0 analysis are highlighted in yellow. 
 
4.3.4 Isolation of linked fragments 
 
Of the all the AFLP fragments identified to be linked to traits of interests, four were selected for 
further examination. Two fragments linked to CMV resistance, M8E4T169 and M6E1T117, as 
well as the fragment originating from the susceptible parent, M4E8P368, were isolated using 
radiolabelled AFLP manual sequencing reactions (Figure 4.4 A, B and C) from two separate 
PCR reactions. A fragment closely linked to low alkaloid levels, M7E4T211 (Figure 4.4 C) was 
Visual score 
Reclassified data   90 
also recovered for further analysis. Fragments associated with the pod shattering and flower 
colour  traits  were  determined  to  be  of  a  low  priority  and  too  distant  for  useful  marker 
development.  Recovered  fragments  were  then  re-amplified  using  the  appropriate  non-
fluorescently  labeled  primer  combinations.  Products  were  then  purified  and  checked  by 
electrophoresis on a 1% agarose gel before the sequence of the fragment was determined using a 
direct sequencing approach. 
 
 
                               
A                                                                              B   
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Figure 4.4 : Radiolabelled AFLP gels showing fragments isolated for sequence analysis. (A) Samples 
amplified using the M6E1 primer pair, Lane 1 Wodjil, Lane 2 P28213, Samples amplified using the 
M8E4 primer pair, Lane 3 Wodjil, Lane 4 P28213, Samples amplified using the M7E4 primer pair, Lane 
5 Wodjil, Lane 6 P28213 Arrow indicates the position of band M6E1T117. (B) Samples amplified using 
the M6E1 primer pair, Lane 1 Wodjil, Lane 2 P28213, Samples amplified using the M8E4 primer pair, 
Lane 3 Wodjil, Lane 4 P28213, Samples amplified using the M7E4 primer pair, Lane 5 Wodjil, Lane 6 
P28213 Arrow indicates the position of band M7E4T211. (C) Samples amplified using the M8E4 primer 
pair, Lane 1 Wodjil, Lane 2 P28213, Samples amplified using the M7E4 primer pair, Lane 3 Wodjil, Lane 
4 P28213 Lower arrow indicates the position of band M8E4T169. Upper arrow indicates the position of 
M4E8P368 
 
 
 
  1    2     3    4            M 
M4E8P368 
M8E4T169   92 
4.3.5 Sequence analysis of AFLP fragments 
 
4.3.5.1 Fragment  M6E1T117 
 
Using the M6E1 primer combination, it was possible to re-amplify the M6E1T117 fragment 
from Wodjil (Figure 4.5). The size of the fragment isolated, 115bp, was found to differ from the 
predicted size by 2bp. Identical sequences were obtained from both the PCR reactions used for 
fragment  isolation.  Sequences  obtained  from  the  fragments  isolated  from  the  radio-labelled 
AFLP gels were subjected to comparative analysis using BLASTX algorithm(Altschul et al., 
1997). No hits were generated from the database using the M6E1T117 sequence. 
 
GACTGCGTACCAATTCAGGGGGAGGGTGAGGCGCTGCAACTATTGCAAGTGGTACTCGTC 
AAAGTCTCAAGTTCCAAATTGAAAGCTAAATTTTGGGAGTTACTCAGGACTCATC 
 
Figure 4.5 Sequence from AFLP fragment M6E1T117 originating from L.luteus, Wodjil 
 
4.3.5.2 Fragment M7E4T211 
 
Two fragments were retrieved using the M7E4 primer combination. Both fragments were found 
to differ from the expected size, the smallest being 201bp in size (Figure 4.6 A) and the larger 
203bp  in  size  (Figure  4.6B).  The  M7E4  primer  pair  was  the  only  primer  set  to  recover 
fragments unique to each of the PCR reactions used. Comparative analysis of these fragments 
did not yield any hits from the database. 
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GATGAGTCCTGAGTAACTGCTGGTTTCGTCAAGGTGGCAGAGTATCCAGATTGGGTGGCC 
AATGTCGTGGCGGTTCCAAAGAAGGGAGGCAAATTGAGAATCTGTGTAGATTACAGAGAT 
CTTAACACTACAGAGTACATACTGACCTGTTTGACAAATTCATTGTTAGTCTCCAGAGAA 
GGCCTGAATTGGTACGCAGTC 
(A) 
 
GATGAGTCCTGAGTAACTGCAACGAAGTTGAACAGTTCATTAGGTAAATAAGTCTAACTC 
TAGCTTGTTTTAAAACAGGATTTCAATGTCGTACCTGAATACTTGAATCTATCCATGTTC 
TATGATGTATTCCTTTGATGAACCTTTGATAGAGTTGTGGTATTGTGGCCTTCCTCAACC 
AAACCCTGAATTGGTACGCAGTC 
(B) 
Figure 4.6 Sequences from AFLP fragment M7E4T211 originating from L.luteus, Wodjil 
 (A) 201bp fragment. (B) 203 bp fragment 
 
4.3.5.3 Fragment M8E4T169 
 
 
Isolation of the M8E4T169 fragment also yielded two unique sequences. These were both found 
to differ from the expected size, the first being 167bp (Figure 4.7A) and the other 173bp (Figure 
4.7B). Comparative analysis indicates that the smaller fragment (Figure 4.7A) shows similarity 
to genomic sequences isolated from Vitis vinifera, Oryza sativa and Arabidopsis thaliana. The 
larger of the two sequences (Figure 4.7B) was found to show identity with genomic sequences 
from Arabidopsis thaliana, Medicago truncatula, and Populus trichocarpa. 
 
GATGAGTCCTGAGTAACTTAGGTGCACCAAATTCCATTTTTACTCCCTATTTCATCTGAA 
TAGAGTTTAGAGGAAAACTTTATCTTCAAGAAAAAAGAAAATGACATGAATATCCTCTTT 
TCACTTCTCTCTTTTGACAGTTAGCCCTGGTGAATTGGTACGCAGTC 
(A) 
 
 
GATGAGTCCTGAGTAACTTGTATTTGAAATCTGGCACATATAAAACATTATGCAAAGTAA 
AATATTTAGAAAACATGACAGTTCCAGAGATGCTTGTCAAGGTGGTTCATCCATTTGGCA 
AGCCAATGATAATAGGTCTGACTGACTGATATGCGGTGAATTGGTACGCAGTC 
(B) 
 
Figure 4.7 Sequences from AFLP fragment M8E4T169, originating from L.luteus, Wodjil 
 (A) 167bp fragment. (B) 173 bp fragment 
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4.3.5.4 Fragment M4E8P368 
 
Isolation of fragment M4E8P368, the only product originating from the CMV susceptible parent 
P28213, produced two sequences of differing size. The smaller of the fragments was found to 
be 360bp in size Figure 4.7 (A), while the larger fragments was found to be 374bp. Comparative 
analysis with the database indicated that 360bp fragment shared similarity with a number of 
bacterial genes including  elongation factor 2 and DNA translocase ftsK. The larger 374bp 
fragment did not yield any significant hits with the database. 
 
GACTGCGTACCAATTCAGGGAGATGTGGCTTATTCTGTGTTGCTCCAAAACTGGTTTCCA 
CCGGCTCATCAACTTTCTCCTTGCCTTTAGAGGCATTGATGACCTTCCGGGTTATTTCGA 
CAGGGCTATACACCCTCCTGCTTCTTATCATATTTCCTACCCCAGCCAGATTGACAACTT 
CGCCTGCTTGGACGAGTCCTCTTTCCACTTCCTCTTGATACTTCCAAGGGGCTGCTTTAT 
CTGATTGATAGGGAAATGGACTTGGTTGTATTGTGACTGTGGGTTCCATCAAATGGGGTG 
CCCCTCGAGGCGGAGCGGCATATGATGGGGTGCCTGGCGGTATGTTACTCAGGACTCATC 
(A) 
 
GACTGCGTACCAATTCAGGGAATCATGGCCCATTATACCTATTGATTATCAGTTTCAAAA 
GGTGAGGAGTTGGTAACTGCTGATGCAACCCAAAGGGCTGCCAGCCTCACCAAGCACCTC 
TATAAAGGGCAGCACACAGACACACAAAAAAAAACACAGAAGAGGGAAAAAAAGGCAAAA 
AGAATACACAAAAGAGGGTTGCGAAAACAGAAATACAGAAAGATCCCAGGACAGCATAGA 
GTACCGAAGTTCATACATTCACCACAGCAAAGAGGAATAGCATAAGCAGGTATATACTAA 
AACCATCTCTTATAACTGATACATGGGTATGAATGCATGTGATTTACAGATTACTATGTT 
ACTCAGGACTCATC 
(B) 
Figure 4.8 Sequences from AFLP fragment M4E8P368, originating from L.luteus, P28213 
 (A) 360bp fragment. (B) 374 bp fragment 
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4.4 Discussion 
 
 
In unexplored genomes, where little or no sequence information is available, techniques such as 
RAPDs and AFLPs, where no prior sequence knowledge is required, has been a mainstay for 
marker discovery. RAPD markers have been used successfully in a number crop species to map 
disease resistant loci (Khampila et al., 2008; Pattison et al., 2007; Pereira et al., 2010), however, 
low  reproducibility  (Jones  et  al.,  1997)  and  the  low  numbers  of  polymorphic  fragments 
generated in comparison to other marker systems (McGregor et al., 2000) can limit their value 
in linkage studies. RAPD analysis yielded low levels of polymorphisms between the parental L. 
luteus varieties used in this study and it was determined that RAPD was not a suitable method 
for linkage analysis in the populations available. With their high reproducibility, high PCR 
multiplex  ratio,  indifference  to  genome  complexity  and  their  ability  to  generate  a  virtually 
infinite number of markers (Brugmans et al 2003), AFLP appeared to be a more useful method 
to  identify  trait  linked  markers.  We  have  successfully  applied  this  technique  to  identify  a 
number of fragments linked to CMV disease resistance in L luteus. Using the P28213 X Wodjil 
population, three AFLP fragments were found to be associated with CMV resistance. A single 
fragment, M4E8P368 originating for the susceptible parent, was also identified. 
 
As numerous factors were found to influence the manifestation of the resistance phenotype (see 
discussion  Chapter  3),  linkage  analysis  was  completed  using  two  methods  of  phenotypic 
assessment for CMV resistance.  Phenotypic evaluation, based solely on the visual scoring for 
necrotic lesions (CMV1), as well as in combination with ELISA data (CMV2), was observed to 
be closely associated. Work in Chapter 3 indicated that resistance was more complex in nature 
than first reported and additional QTL analysis was completed later in the study to confirm the 
location and identity of associated AFLP fragments. The averaged values obtained from ELISA 
analysis  was  used  to  construct  the  additional  map  in  order  to  identify  objectively  QTLs   96 
associated with CMV resistance. A general consensus between the fragments identified using 
MAPMAKER 3.0 and MapManager QTX 20b was observed. Of the four AFLP fragments 
identified to be associated with CMV resistance by the MAPMAKER 3.0 package, fragments 
M4E8P368  and  M4E4T95  were  found  to  be  within  the  QTL  region  identified  by  the 
MapManager QTX 20b package. Fragment M8E4T169, which was initially identified to co-
locate with fragment M4E4T95 by MAPMAKER 3.0, was identified to be just external to the 
QTL region using MapManager QTX 20b. Fragment M6E1T117, which was initially identified 
to be next closest fragment after fragments M4E4T95 and M8E4T169, did not appear to be 
associated following analysis by MapManager QTX 20b. The alkaloid content phenotype was 
found to be associated with CMV resistance although the fragment M7E4T211, which  was 
identified to be associated with alkaloid content in the initial analysis, was observed to be 
located external to the QTL region. Interestingly, a second peak is observed adjacent the CMV 
QTL  identified  using  MapManager  QTX  20b.  The  likelihood  ratio  statistic,  which  is  an 
indicator of significance, for this peak is lower than that of the main peak, suggesting that a 
modifying, additive effect is present, possibly resulting from individuals within the intermediate 
resistance group.    
 
Although  a  general  consensus  was  observed  between  the  fragments  identified  using 
MAPMAKER 3.0 and MapManager QTX 20b, the genetic distance between the markers and 
Ncm-1 gene were variable.  The distance of marker M2E8P368 to Ncm-1 was found to correlate 
the most closely between analysis methods being 22.3cM using MAPMAKER 3.0 and 22.6cM 
using MapManager QTX 20b. Marker M4E4T95, initially calculated to be more closely lined 
(10.6cM) to Ncm-1 using MAPMAKER 3.0, was found to be further away (22.5cM) using 
MapManager QTX 20b. Additional markers, not identified using MAPMAKER 3.0, were found 
to be more closely linked than marker M8E4T169, initially co-located with M4E4T95. This   97 
discrepancy in marker order and distance is most likely a reflection of the small population size 
available for this study (n=50).   
 
Genetic mapping typically involves populations of between 50 and 250 individuals, with larger 
populations being more desirable for mapping based studies (Mohan et al., 1997). However, the 
final  goal  for  any  linkage  analysis  greatly  affects  the  generation,  type  and  population  size 
required and often, cost and availability of seed stores are rate limiting factors (Young, 2001). 
In fine mapping studies, where minor effects or specific regions are mapped, populations as 
large as 3,400 individuals have been used to obtained detailed maps  (Alpert and Tanksley, 
1996). In simulation studies by Ferreira and colleagues (2006), stress (an evaluation between 
the simulation and the original genome distance) and variance values of the distances between 
markers were found to decrease as population size increased. Marker order was also observed to 
vary in small populations of 50 and 100 individuals for all of the population types tested while 
F2  co-dominant  and  RIL  populations  were  found  to  be  the  most  efficient  populations  for 
generating accurate maps, using 200 individuals or more. Genetic distance between adjacent 
markers decreases as population size and marker saturation increases (e Silva et al., 2007) and it 
is  likely  that  mapping  of  a  larger  segregating  L.  luteus  population  would  provide  a  more 
accurate estimation of the linkage distance between Ncm-1 and the markers identified, mostly 
likely resulting in a reduction in genetic distance. 
 
High  mapping  resolution  and  accurate  marker  order  are  not  always  required  in  linkage 
applications. Where only small populations are available for use, valuable linkage information 
can still be obtained for dominant well characterised traits. Targeted saturation of a genetic 
region can be achieved once linked markers are identified. With the recent availability of maps 
of both L angustifolius (Nelson et al., 2010; Nelson et al., 2006) and L albus (Croxford et al., 
2008; Phan et al., 2007) detailed mapping based on anchored markers could now be used to   98 
saturate the  Ncm-1 associated region in order to determine the true genetic distance of the 
markers identified and isolate more closely linked markers. Marker M4E8P368 has also been 
mapped in Glycine max and is located on linkage group G (Meksem et al., 2001).  This region is 
well  characterised  and  has  been  shown  to  be  associated  with  a  resistance  locus,  Rgh1,  to 
soybean cyst nematode (Meksem et al., 2001).  As many marker resources are available for 
Glycine max, comparative genetics can be used to dissect further the region associated with 
Ncm-1. 
 
The labour intensive nature, high costs and the redundant information content associated with 
AFLPs (Brugmans et al., 2003) makes them an inefficient marker system for use in MAS and 
thus conversion of AFLP markers to simpler markers systems, such as SCAR and CAPS, is 
required.  A  number  of  sequences  were  successfully  recovered  from  the  four  Ncm-1  linked 
AFLP  fragments  chosen  for  marker  development.  Database  comparisons  of  the  sequences 
isolated  yielded  no  significant  identity  with  any  know  R  genes  or  RGAs.  One  fragment 
M4E8P368, associated with the CMV susceptible parent, was identified to show homology to 
bacterial elongation factor 2 and bacterial elongation factor Tu as well as DNA translocase Ftsk. 
Bacterial elongation factor Tu (EF-Tu) has been show to be an inducer of defence response in 
Arabidopsis and other Brassicaceae species (Kunze et al., 2004). Immunity triggered by EF-Tu 
which is a pathogen associated molecular pattern (PAMP), is considered to be an ancient form 
of innate immunity (Chisoholm et al., 2006). This PAMP triggered immunity (PTI) is overcome 
in some host systems by the use of virulence effector proteins and disease resistance in response 
to these effectors is via a specific R-gene. R-gene mediated resistance, also known as effector 
triggered immunity (ETI) and PTI uses different immune receptors, however, signalling appears 
to use similar signalling networks (Tsuda et al., 2009), activating an overlapping set of genes 
(Zipfel et al., 2006)( for review see Zhang and Zhou, 2010). As elongation factors, in general, 
are defined as factors which affect (either positively or negatively) the transcript elongation by   99 
RNA polymerases (Grasser, 2005), it is interesting to speculate on the association of elongation 
factors with Ncm-1 mediated resistance and on the association of resistance to innate immunity. 
 
Fragment M8E4T169 was found to be homologous to genomic sequences from Arabidopsis 
thaliana,  Medicago  truncatula,  and  Populus  trichocarpa.Comparative  analysis  with 
M.truncatula,  using  CViT  blast  (available  through  the  Medicago  Genome  Sequencing 
Consortium  (www.medicago.org))  indicates  that  fragment  M8E4T169  is  homologous  to  a 
region  located  on  chromosome  2.  No  known  disease  resistance  genes  or  resistance  gene 
analogues have been indentified in this genomic region. Resistance gene analogues, identified in 
this study and discussed in chapter 5, have also been found to be homologous to regions on M. 
truncatula  chromosome  2  (Figure  5.8  and  5.9).    Although  not  co-located,  homologous 
sequences to fragment M8E4T169 were found to be downstream to those homologous to lupin 
RGAs. As resistance genes are frequently found to be clustered in multigene families (Hubert et 
al., 2001) it is possible that both the M8E4T169 and lupin RGA sequences are related members 
of disease resistance gene family. 
 
CMV  resistance  fragment  M4E8P368  was  also  observed  to  share  homology  with  DNA 
translocase Ftsk. In bacteria, DNA translocases act as molecular motors driven by ATP and are 
required for DNA replication, recombination and transfer within and between cells (Pease et al., 
2005).  Bacterial  pathogenesis  using  the  type  IV  secretion  system  involves  both  genetic 
exchange and the delivery of effector molecules to host cells (Cascales and Christie, 2003). 
Within  this  system,  a  number  of  bacteria  manifest  disease  using  an  effector  translocase 
mediated infection, delivering their substrates via direct contact. As disease resistance genes 
against different pathogens share similar structural motifs as well as components within their 
signalling pathways (Hubert et al., 2001; Jones and Dangl, 2006), it is possible that components   100 
with the type IV secretion system are related to those activated during CMV infection and 
subsequent resistance via Ncm-1 R gene activation. 
 
Conversion  of  AFLP  fragments  to  routine  simple  markers  can  be  problematic  in  nature. 
Protocols for the conversion of AFLP bands into SCAR and CAPs markers have been used 
successfully in a number of species (Xu and Ban, 2004), however, internal polymorphisms can 
be difficult to find as isolated fragments are often short, and polymorphism can also be located 
within the restriction enzyme sites utilised for amplification, leading to the requirement of steps 
such as genome walking to identify useful polymorphisms (Brugmans et al., 2003; McNeil et 
al.,  2010).  A  number  of  fragments  were  also  isolated  for  each  AFLP  marker  identified, 
highlighting the complexity of  marker conversion. Due the distant genetic linkage, and the 
difficulties in isolating polymorphisms, RGAs identified in chapter 5 were determined to be a 
more suitable target for use in the development of an Ncm-1 associated molecular marker. 
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Chapter 5. Isolation and characterisation of NBS-LRR 
resistance gene analogues in L. luteus 
 
5.1 Introduction 
 
The defence response activated by the interaction of disease resistance gene products and the 
components produced by the pathogen have long been the most effective defence mechanism of 
plants against disease. Genes conferring resistance to a wide range of pathogens have been 
isolated and cloned from a variety of plant species (Cooley et al., 2000; Gassmann et al., 1999; 
Lawrence et al., 1995; Whitlam et al., 1994). These genes have been found to share striking 
structural  similarities,  suggesting  that  certain  signalling  events  are  common  to  most  plant 
defence systems. The discovery of common motifs in resistance genes offers the opportunity to 
identify similar sequences in other plant species. The use of degenerate primers, targeted to 
these  conserved  motifs,  is  known  as  resistance  gene  analogues (RGAs)  and has  been  used 
effectively to isolate resistance gene candidates. 
 
Numerous  trait  linked  molecular  markers  have  been  identified  successfully  using  the  RGA 
approach. RGA loci have been mapped near known resistance genes in plant species including 
soybean (Kanazin et al., 1996; Yu et al., 1996), cereals (Madsen et al., 2003; Yan et al., 2003), 
chickpea (Huettel et al., 2002), potato (Leister et al., 1996) and bean (Lopez et al., 2003). 
Species such as apricot (Soriano et al., 2005), apple (Lee et al., 2003) and grape (Di Gaspero 
and Cipriani, 2002), for which no detailed molecular maps exist, have also been characterized 
using RGA sequences. RGAs are generally high in copy number and widely distributed in the 
genome. They are often organized in clusters (Hubert et al., 2001; Meyers et al., 1999) and this 
makes  them  useful  not only  in  physical  mapping  but  also  as  gene  candidates  in  positional 
cloning.  Although  RGAs  are  commonly  identified  using  degenerate  primer  based  PCR,   102 
hybridization techniques have also been used to isolate RGA homologous sequences. He et al 
(2003) have successfully used RGAs as probes to identify additional putative resistance genes. 
In addition, RGA markers have also been used to detect orthologous genes in related species. 
Mohler et al (2002) showed that an RGA marker, originally linked to the multiallelic Mla locus 
in barley, was associated with an orthologous powdery mildew resistance gene Pm17 in rye and 
as well as fusarium head blight QTL in wheat.  
 
Based on the conserved motifs observed between R proteins, disease resistance genes can be 
grouped  into  numerous  classes  (see  literature  review,  Chapter  1)  of  which  the  Nucleotide 
Binding Site – Leucine Rich Repeat (NBS-LRR) is the major class. Of all the motifs observed 
within disease resistance genes, the LRR domain is the most highly conserved, with the NBS-
LRR,  extracytoplasmic  leucine  rich  repeats  (eLRR)  and  LRR-Kinase  superfamilies  being 
ubiquitous  in  plants  (Young,  2000).  The  abundance  of  the  NBS-LRR  motif  within  all 
angiosperms makes it a primary target in many RGA studies.  
 
The  NBS-LRR  class  can  be  further  divided  into  two  subclasses  based  on  their  N-terminal 
structure,  the  TIR  and  non-TIR  NBS-LRR  (or  coiled-coil)  type  sequences.  Although 
distinguished mainly by the protein encoded at the N-terminus, the TIR and non-TIR NBS-LRR 
subclasses also differ by a single amino acid in the final portion of the Kinase-2 motif. In the 
TIR NBS-LRR, this residue is typically aspartic acid while in the non-TIR NBS-LRR subclass a 
tryptophan is present at this position (Meyers et al., 1999). To date, the TIR NBS-LRR subclass 
has been observed only in dicot species while the non-TIR NBS-LRR subclass is present in both 
monocot and dicot species. 
 
Conserved structural motifs within NBS-LRR genes are characteristically composed of short 
presumably functional domains. Functional variation is prevalent where sequence identity is   103 
less than 40% (Todd et al., 2001). As domains within NBS-LRR genes are highly conserved 
(>40% identity), it is likely that these perform conserved functions in the disease resistance 
cascade. These domains are the primary target of degenerate primers designed to amplify RGAs 
and  include  the  P-loop/Kinase1a  motif,  Kinase2  and  Kinase3a,  all  located  within  the  NBS 
region  (Bent,  1996).  Both  the  P-loop  [GXXXXGK(Y/S)]  and  the  Kinase  2 
[K(K/R)(F/V)L(L/I)VLDDV]  motifs  function  in  the  interaction  with Mg
2+  ions. The  P-loop 
motif is thought to be involved in the interaction between phosphates and Mg
2+ (Meyers et al., 
1999) while the Kinase 2, which contains four consecutive hydrophobic amino acids followed 
by an aspartate, is positioned to interact with the third phosphate of ATP. This positioning is 
consistent  with its  role in  co-ordinating  the  divalent  ion  Mg
2+  required  for  phosphotransfer 
reactions (McHale et al., 2006). The kinase 3a domain, which commonly contains a tyrosine or 
arginine, is involved in the binding of purine or ribose All these domains also occur in other 
proteins with ATP- and GTP- binding activity, such as the apoptosis regulator protein CEd-4 
from nematodes and the Apaf-1 protein from humans (Meyers et al., 1999; Saraste et al., 1990). 
A highly conserved domain of uncharacterized function also exists in the region between the 
NBS and the LRR domains. Known as the hydrophobic domain, this domain is thought to span 
the membrane and contains a GLPL motif.  
 
Degenerate primers targeted to these conserved motifs in the NBS-LRR class of R genes have 
been used to isolate RGAs by PCR in a number of species (Kanazin et al., 1996; Leister et al., 
1996; Madsen et al., 2003). In species where limited molecular marker resources and sequence 
information is available, such as strawberries and coffee trees, RGAs have provided useful 
information in examining species diversity and evolution (Martinez Zamora et al., 2004; Noir et 
al.,  2001).  The  linkage  of  RGAs  to  known  resistance  loci  together  with  their  ability  to 
identifying  R  gene  candidates  indicates  that  the  RGA  approach  would  be  applicable  in 
characterizing and isolating candidate gene fragments for the Ncm-1 resistance gene to CMV.   104 
This chapter describes the isolation of RGAs using degenerate primers targeted to conserved 
regions within the TIR NBS-LRR domain. A number of these RGA were found to be present in 
L. luteus and appear to share high identity with those previously isolated from other species. 
 
5.2 Materials and Methods 
 
5.2.1 Primer design 
 
Degenerate primers targeting conserved regions in the TIR NBS-LRR domain were designed 
based  on  comparative  alignments  between  N  (Whitlam  et  al.,  1994),  L6  (Lawrence  et  al., 
1995)and Rpp5 (Parker et al., 1997) resistance genes (Figure 5.1). Sequence alignments were 
done using CLUSTALW (Thompson et al., 1994). Primers based on the P-loop domain and the 
GLPLAL motif, designed by Kanazin et al (1996) were also tested. A list of all degenerate 
primers used is summarized in Table 5.1.  
 
Table 5.1. DNA sequence of the degenerate oligonucleotide primers tested to amplify RGA in  
L. luteus cv. Wodjil. Mixed bases are denoted by R = A or G, Y = C or T, W = A or T, K = G or T, H = A 
or T or C, V = g or A or C and N = any base. Primers P-loop and TM were developed by Kanazin et al 
(1996). 
 
Primer Name  Sequence (5’ to 3’) 
P-loop  GGNGGNGTNGGNAANACNAC 
TM   ARNGCTARNGGNARNCC 
ResAnlog 51-F  TAYGANGTKTTYYYRAGYTTYAGNGG 
ResAnlog 52-F  GTGGTGYYTNAWKGARYTNG 
ResAnlog 53-F  CCNRTWTTYTAYRWNGTKGATCC 
ResAnlog 33-R  GGATCMACNWYRTARAAWAYNGG 
ResAnlog 34-R  CCYMWVACHYTSAGRSYYAAWGGAAG 
ResAnlog 35-R  ATCRTARCYKAYTYTKAG 
ResAnlog 36-R  CCDHKSAARAARCAWGCWAT 
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5.2.2 RGA amplification and visualisation 
 
RGA fragments were amplified from genomic DNA isolated from the CMV resistant L. luteus 
cultivar,  Wodjil,  according  to  the  methods  detailed  in  section  2.9.1.  Typically,  PCR 
amplifications consisted of an initial denaturation at 94
0C for 3 min, followed by 35 cycles of 
denaturation at 94
0C for 30 sec, annealing at 45
0C to 50
0C for 30 sec and extension at 72
0C for 
45 sec, and a final extension cycle of 72
0C for 5 mins. All reactions were cycled in a Perkin-
Elmer GeneAmp PCR thermocycler (2400 or 9700). PCR products were visualized on a 1.5% 
agarose gel in 1 X TBE as per section 2.9.2.  
 
5.2.3 Cloning and sequencing of RGA fragments 
 
PCR products produced by the degenerate primers were ligated into the pGEM-T easy vector 
(Promega) and transformed into E.coli as detailed in section 2.5.2. Recombinant transformants 
were identified by  PCR  analysis  using  the  SP6  and  T7  primers and  isolated as  detailed in 
section  2.5.4.  Clones  containing  inserts  of  unique  sequence  were  then  identified  using  a 
restriction  enzyme  mapping  based  technique  (see  section  5.2.4  below)  and  those  found  to 
contain unique fragments were selected for sequencing. 
 
5.2.4 Restriction enzyme digestion of RGA clones 
 
Because the primers  used  were  degenerate,  multiple  RGA  fragments  of identical  size  were 
frequently  produced  using  the  primers  listed  in  Table  5.1.  Clones  determined  to  contain 
fragments of the expected size (Table 5.2) were digested using Dpn1 and Exo1 in order to 
generate a digestion profile and to determine which clones contained fragments of differing 
sequence composition. For each sample, 2g of plasmid DNA was restriction digested with 3 
units of DpnI (in 10 mM Tris-HCl pH7.4, 50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mg/ml   106 
BSA, 50% glycerol (v/v), 0.1% Triton X-100) in 1 X reaction buffer (50 mM Tris-HCl pH7.5, 
50 mM Mg-acetate, 250 mM K-acetate) with the final volume made to 20l with sterile water. 
The reactions were incubated for 2 hours at 37
0C. Samples were also digested using ExoI. For 
each sample, 2g of plasmid DNA was restriction digested with 3 units of ExoI (in 10 mM Tris-
HCl pH7.4, 50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mg/ml BSA, 50% glycerol (v/v), 
0.1% Triton X-100) in 1 X reaction buffer (50 mM Tris-HCl pH7.5, 50 mM Mg-acetate, 250 
mM  K-acetate)  with the  final  volume  made  to  20l  with  sterile  water. The reactions  were 
incubated for 2 hours at 65
0C. The restricted fragments were visualized on a 2% agarose gel in 1 
X TBE as per section 2.9.2. 
 
Table 5.2. RGA primer combinations, and the expected sizes of the amplified product in base pairs (bp). 
 
Primer  ResAnlog 33-R  ResAnlog 34-R  ResAnlog 35-R  ResAnlog 36-R  TM 
ResAnlog 51-F  250bp  1410bp  1530bp  1590   
ResAnlog 52-F  47bp  1210bp  1330bp  1380bp   
ResAnlog 53-F  -  1140bp  1260bp  1310bp   
P-loop          550bp 
 
5.2.5 Sequence analysis of RGA fragments 
 
Putative RGA sequences were analysed using the SeqEd™ v1.03 software package. A database 
similarity  search  using  the  BLASTX    algorithm  (Altschul  et  al.,  1997)  was  carried  out  to 
identify sequence similarity to known RGAs or isolated resistance genes. Fragments showing 
identity to known RGA sequences were then aligned with TIR-NBS-LRR sequences from other 
members of this subclass using CLUSTALW (Thompson et al., 1994). These sequences include 
the cloned resistance genes N (Whitlam et al., 1994), L6 (Lawrence et al., 1995) and Rpp5 
(Parker et al., 1997).   107 
5.3 Results 
 
5.3.1 RGA amplification 
 
In order to isolate as many RGA fragments as possible, PCR was done at a reduced stringency 
using  a  combination  of  the  oligonucleotide  primers  listed  in  Table  5.2.  All  11  possible 
combinations between the ResAnlog set of primers were tested, together with the P-loop/TM 
combination of Kanazin et al (1996). As expected, the low stringency of the PCR conditions 
produced a range of products which differed for each annealing condition tested (Figure 5.1). 
The largest number of products was produced between the annealing temperatures of 45-50
0C. 
An observation that was made throughout the analysis was that a 420bp fragment was produced 
irrespective of the primer combination and PCR conditions used. Although a number of primer 
combinations (for example ResAnlog 52-F / ResAnlog 33-R and ResAnlog 53-F / ResAnlog 
33-R) were expected to yield products <100bp in size, this 420bp fragment was still observed 
(Figure 5.1). On analysis of the sequence of this fragment (data not shown), no homology to any 
RGAs or known resistance genes was identified, emphasizing the problems associated with 
using degenerate primers. This 420 bp fragment was not considered further in this study. For 
subsequent  cloning  experiments,  all  primer  combinations  were  then  amplified  using  an 
annealing temperature of 47
0C as well as 50
0C to maximize the chances of amplifying an RGA 
fragment, with any fragment 420 bps in size excluded from analysis. 
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Figure 5.1. RGA fragment amplification using degenerate primers at 47
0C annealing (A) and at 50
0C 
annealing (B).  PCR reactions were completed using identical template, reagents and primer combinations 
and differ only in their annealing temperature. Lane M: 100bp molecular weight marker (Promega). Lane 
1: primer combination ResAnlog51-F and ResAnlog33-R. Lane 2: primer combination ResAnlog51-F 
and  ResAnlog34-R.  Lane  3:  primer  combination  ResAnlog51-F  and  ResAnlog35-R.  Lane  4:  primer 
combination  ResAnlog51-F  and  ResAnlog36-R.  Lane  5:  primer  combination  ResAnlog52-F  and 
ResAnlog33-R.  Lane  6:  primer  combination  ResAnlog52-F  and  ResAnlog34-R.  Lane  7:  primer 
combination  ResAnlog52-F  and  ResAnlog35-R.  Lane  8:  primer  combination  ResAnlog52-F  and 
ResAnlog36-R 
 
 
5.3.2 Identification of unique RGA fragments 
 
Based  on  the  expected  size  of  the  RGA  products,  shown  in  Table  5.2,  to  maximize  the 
information obtained in subsequent sequencing, only clones with inserts >500bp were selected 
for further examination. Due to the degenerate nature of the primers and the low stringency of 
the PCR protocol used, many of the clones isolated contained inserts of identical sequence 
(Figure 5.2). To screen for inserts of identical sequence, recombinant plasmids with inserts of 
the same size were first digested with a range of restriction enzymes to generate a digestion 
profile. Two restriction enzymes, DpnI and ExoI, produced clear digestions profiles and were 
found to more reliably differentiate plasmids containing unique inserts of similar size (Figure 
5.3a  and  5.3b  respectively).  Approximately  200  clones  were  selected  and  examined  for 
fragment diversity for subsequent sequencing. 
 
 
A:   M    1    2    3    4     5    6     7    8                    B:            M    1    2    3    4     5    6    7    8   
420 bp 
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Figure 5.2. Colony screening by PCR using SP6 and T7 primers to identify RGA fragment carrying 
recombinants.  Lane  λ  is  a  lambda  EcoR  I/Hind  III  molecular  weight  ladder  (Promega).  Lane  1-11 
represent  putative  transformants  containing  inserts  produced  using  primer  pairs  ResAnlog51-F  and 
ResAnlog35-R. Lanes 12-16 represent putative transformants containing inserts produced using primer 
pairs ResAnlog51-F and ResAnlog33-R. 
 
 
 
 
 
 
 
 
Figure 5.3a. Restriction endonuclease profile, using Dpn I, of putative RGA containing plasmids as seen 
Figure 5.2. Lane λ is a lambda EcoR I/Hind III molecular weight ladder (Promega). Lane 1-11 represent 
putative transformants containing inserts produced using primer pairs ResAnlog51-F and ResAnlog35-R. 
Lanes  12-16  represent  putative  transformants  containing  inserts  produced  using  primer  pairs 
ResAnlog51-F and ResAnlog33-R. 
 
 
 
     
 
Figure 5.3b. Restriction endonuclease profile, using Taq I, of putative RGA containing plasmids as seen 
Figure 5.2. Lane λ is a lambda EcoR I/Hind III molecular weight ladder (Promega). Lane 1-11 represent 
putative transformants containing inserts produced using primer pairs ResAnlog51-F and ResAnlog35-R. 
Lanes  12-16  represent  putative  transformants  containing  inserts  produced  using  primer  pairs 
ResAnlog51-F and ResAnlog33-R. 
 
λ    1    2    3    4    5    6    7    8    9   10  11  12  13  14  15  16   M 
λ    1   2    3    4    5    6    7    8    9   10  11  12   13  14   15  16   M 
λ    1   2    3    4    5    6    7    8    9   10  11   12   13  14   15  16   M   110 
5.3.3 RGA sequencing  
 
RGA  clones  determined  to  be  unique,  based  on  the  digestion  profile,  were  selected  for 
sequencing. A total of 55 putative RGA clones were sequenced and the amino acid sequence 
deduced for comparison to known protein sequences using the BLASTP algorithm (Altschul et 
al.,  1997)  through  the  Australian  National  Genomic  Information  Service  (ANGIS) 
(http://angis.org.au) suite of programs. A minimum of three clones was sequenced for each 
digestion profile. Of the 12 primers pairs used, the greatest number of putative RGA fragments 
was produced using the P-loop / TM primer pair developed by Kanazin et al (1996). Five RGA 
sequences (referred to from this point as Rga 1 – Rga 5) were identified with uninterrupted 
ORFs (Figure 5.4). These were between 514 bp to 516 bp in length. A sixth RGA sequence 
(Rga 6), was also recovered which contained domains typically conserved within RGAs of the 
NBS-LRR  subgroup.  This  sequence  was  truncated  in  size  compared  with  the  other  RGAs 
isolated and was used as an outlier in further analysis since it did not show any identity to 
known  RGA  proteins  when  compared  to  the  database  and  was  found  not  to  contain  an 
uninterrupted ORF.  
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         1         11        21        31        41        51         
Rga_2    GGGGGGGGTGGGAAGACGACCAAAGCCAAAGCCTTGTACAATAAAATTCGTCGTGATTTC 
Rga_5    GGGGGGGGTGGGAAGACGACCATAGCCAAAGCCTTGTACAATAAAATTCGTCGTGATTTC 
Rga_4    GGGGGGGGTGGGAAGACGACCATAGCCAAAGCCTTGTACAATAAAATTCGTCGTGATTTC 
Rga_3    GGGGGGGGTGGGAAGACGACCATAGCCAAAGCCTTGTACAATAAAATTCGTCGTGATTTC 
Rga_1    GGTGGGGTTGGGAAGACAACGTTAGCTGATGTTGTTTACAACAAAATCAAAAGTAAATTT 
Rga_6    GGGGGGGGTGGGAAGACGACACTGG--AAAATCGTGGACAAGGA----CCACGACACTGG 
  
         61        71        81        91        101       111        
Rga_2    GAAGATAAAAGTTTTCTCGCAAATATCAGAGA-AGTTTGGGAGAAAGACATG--GGCCAA 
Rga_5    GAAGATAAAAGTTTTCTCGCAAATATCAGAGA-AGTTTGGGAGAAAGACATG--GGCCAA 
Rga_4    GAAGATAAAAGTTTTCTCGCAAATATCAGAGA-AGTTTGGGAGAAAGACATG--GGCCAA 
Rga_3    GAAGATAAAAGTTTTCTCGCAAATACCAGAGA-AGTTTGGGGGAAAGACATG--GGCCAA 
Rga_1    GATTTTAGTTGCTTTCTTGCCAATGTTAGAGAGACTTCTAATGAAGGGGATCAAGGTCCG 
Rga_6    GAAGTC--GTGGCTGATGGCCAC-----GAGA-TCCATGTAGGAAAAACGTGG-GACCCC 
  
         121       131       141       151       161       171        
Rga_2    ATTGATTTACAGAAACAACTTCTGTCAGACATTCTTAAAATAAGAAAGATGAATATGCGA 
Rga_5    ATTGATTTACAGAAACAACTTCTGTCAGACATTCTTAAAATAAGAAAGATGAATATGCGA 
Rga_4    ATTGATTTACAGAAACAACTTCTGTCAGACATTCTTAAAATAAGAAAGATGAATATGCGA 
Rga_3    ATTGATTTACAGAAACAACTTCTGTCAGACATTCTTAAAATAAGAAAGATGAATATGCGA 
Rga_1    GCTAAATTACAAGAAAAACTTCTTTC--ACAGTTTAAACCCAAGAACG-TGA-TAATTGA 
Rga_6    ATTCACGTTTTCCATTGTCGTGAATG-GGGTCCACGACACTATATTTTATGAATATTTT- 
  
         181       191       201       211       221       231        
Rga_2    AGCGTCGAGTGGGTGAAAGGT-ATGATAAAGGAGAGACTTTGCAGAAAAAGGGCGCTTAT 
Rga_5    AGCGTCGAGTGGGTGAAAGGT-ATGATAAAGGAGAGACTTTGCAGAAAAAGGGCGCTTAT 
Rga_4    AGCGTCGAGTGGGTGAAAGGT-ATGATAAAGGAGAGACTTTGCAGAAAAAGGGCGCTTAT 
Rga_3    AGCGTCGAGTGGGTGAAAGGT-ATGATAAAGGAGAGACTTTGCAGAAAAAGGGCGCTTAT 
Rga_1    CACTGCAAGACAAGGAAAAGACATGATAAAAAAATTTCTGCACAACAAAAAAGTTCTTCT 
Rga_6    CCCTATAAAATGCTGAAACTT-GTTCTGCTTCTCACACCACAAAATTATACAAGCCTACT 
  
         241       251       261       271       281       291        
Rga_2    TGTACTCGACGATGTAACTACGTTAGAGCAAGTAAATGCACTATG-TGGAAATCGTGAAT 
Rga_5    TGTACTCGACGATGTAACTACGTTAGAGCAAGTAAATGCACTATG-TGGAAATCGTGAAT 
Rga_4    TGTACTCGACGATGTAACTACGTTAGAGCAAGTAAATGCACTATG-TGGAAATCGTGAAT 
Rga_3    TGTACTCGACGATGTAACTACGTTAGAGCAAGTAAATGCACTATG-TGGAAATCGTGAAT 
Rga_1    AGTACTCGGTGATGTGAATGTTGAAATTCAACTGGA-GCATTTGGCTGGAAACCAAAACT 
Rga_6    AG--CTCTGCAATTCTACTCTTTCAG---AAGAAAA--AATTATA----CCAGCAT-ACT 
  
         301       311       321       331       341       351        
Rga_2    GGATCGGTCAAGGGAGTGTTATAATCGTGACAACAAGAGATGTGCGAATACTCAATATCC 
Rga_5    GGATCGGTCAAGGGAGTGTTATAATCGTGACAACAAGAGATGTGCGAATACTCAATATCC 
Rga_4    GGATCGGTCAAGGGAGTGTTATAATCGTGACAACAAGAGATGTGCGAATACTCAATATCC 
Rga_3    GGATCGGTCAAGGGAGTGTTATAATCGTGACAACAAGAGATGTGCGGATACTCAATATCC 
Rga_1    GGTTTGGTGGAGGGAGTAGAATAATAGTGACAACAAGGGATAAACACTTGCTGATTTCAC 
Rga_6    ACTTCTG-CAAG-----ATTTTTCTGGTAAGTAATATTTATGTACAATTAGT-------- 
  
         361       371       381       391       401       411        
Rga_2    TTGAAGTCGAC---GATATCTACAGAATGAAGGAAATGGATGAAAAAGAGTCCCTTGAGC 
Rga_5    TTGAAGTCGAC---GATATCTACAGAATGAAGGAAATGGATGAAAAAGAGTCCCTTGAGC 
Rga_4    TTGAAGTCGAC---GATATCTACAGAATGAAGGAAATGGATGAAAAAGAGTCCCTTGAGC 
Rga_3    TTGAAGTCGAC---GATATCTACAGAATGAAGGAAATGGATGAAAAAGAGTCCCTTGAGC 
Rga_1    ATGGATTATTGCTTGCTGTATATGAGATGGGACTCTTAAATAATCAAGAGTCTCTTCTTC 
Rga_6    TTAATGTAT-----GTTAT-TATTGAAAGTACG-CATG--TCAAGAAGAGTACTTTGGAG 
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         421       431       441       451       461       471        
Rga_2    TTTTCAGCTGGCATGCTTTTAGGGAAACAAGTCCACAAGAAGATTTCTTTGAGCTCTCAA 
Rga_5    TTTTCAGCTGGCATGCTTTTAGGGAAACAAGTCCACAAGAAGATTTCTTTGAGCTCTCAA 
Rga_4    TTTTCAGCTGGCGTGCTTTTAGGGAAACAAGTCCACAAGAAGATTTCTTTGAGCTCTCAA 
Rga_3    TTTTCAGCTGGCATGCTTTTAGGGAAACAAGTCCACAAGAAGATTTCTTTGAGCTCTCAA 
Rga_1    TCTTTTGTGAAAAAGCATTTAATGGAAATCAACCATTAACTGAATATTTGGAGTTGTCTA 
Rga_6    ACCTTTCGTATTATGTTTTGATGAAGACAAAGGGATTGCCACTAGCGTTG---------- 
  
         481       491       501       511       521               
Rga_2    GAAGTGTAGTCACTCTTTGCGGAGGATTGCCACTAGCGTTG 
Rga_5    GAAGTGTAGTCACTCTTTGCGGAGGATTGCCACTAGCGTTG 
Rga_4    GAAGTGTAGTCACTCTTTGCGGAGGATTGCCACTAGCGTTG 
Rga_3    GAAGTGTAGTCACTCTTTGCGGAGGATTGCCACTAGCGTTG 
Rga_1    AAAAAGTAGTTGAATACAGTGGGGGCCTCCCCCTAGCCCTA 
Rga_6    ----------------------------------------- 
  
 
Figure 5.4. Sequence alignment of the six RGAs identified from L. luteus. Dashed regions indicate gaps 
introduced in the sequence to maximize alignment. The individual primer sequences have been included 
here to highlight unique nature RGA families which have been isolated despite the degenerate nature of 
the primers used, these give rise to non-synomous mutations as observed in Figure 5.5. 
 
Multiple alignments  with the  peptide sequences  of N,  L6,  RPS2  and  the  RPP5  kinase  and 
transmembrane domains, from which the RGA primers used were designed, indicate that the 
most significant areas of identity corresponded to domains of high homology within all R-genes 
of the NBS-LRR class (Figure 5.5). The P-loop or kinase 1a motif, the kinase-2 and the kinase 
3a, which are all of importance in nucleotide triphosphate binding (Tameling et al., 2002; Traut, 
1994), were present in all RGAs identified (Figure 5.5).  The kinase2 domain of the lupin RGAs 
were  found  to  match  almost  perfectly  to  the  kinase2  consensus  sequence 
K(K/R)(F/V)L(L/I)VLDDV (Meyers et al., 1999). In addition, all 5 of the lupin RGA sequences 
with  ORFs  were  found  to  show  the  basic  NBS  domain  specific  and  TIR  group  residues 
previously identified in other studies, including the phenylalanine (F) 15 residues downstream 
from the P loop/kinase 1a motif (Pan et al., 2000) and the absence of the tryptophan (W) residue 
which is characteristic of the non-TIR class which is located at the final position of the kinase-2 
motif (Meyers et al., 1999).  113 
       P-loop             RNBS-A-TIR 
              1         11        21        31        41        51   
Rga_1         GGVGKTTLADVVYN----KIKSKFDFS—-CFLANVRETSNEGDQG--PAKLQEKLLSQFKP 
Rga_2         GGGGKTTKAKALYN----KIRRDFEDK—-SFLANIREVWEK-DMG--QIDLQKQLLSDILK 
Rga_3         GGGGKTTIAKALYN----KIRRDFEDK—-SFLANIREVWEK-DMG--QIDLQKQLLSDILK 
Rga_4         GGGGKTTIAKALYN----KIRRDFEDK—-SFLANIREVWEK-DMG--QIDLQKQLLSDILK 
Rga_5         GGGGKTTIAKALYN----KIRRDFEDK—-SFLANIREVWEK-DMG--QIDLQKQLLSDILK 
Rga_6         GGGGKTTLENRGQG-----------------------------------PRHWEVVADGHE 
L6_kinase1    GGIGKTTTAKAVYN----KISSCFDCC—-CFIDNIRETQEK—-DG--VVVLQKKLVSEILR 
N_kinase1     GGVGKTTIARAIFDTLLGRMDSSYQFDGACFLKDIKENK----RG--MHSLQNALLSELLR 
RPP5_kinase1  SGIGKSTIGRALFS----QLSSQFHHR--AFLT-YKSTSGS-DVSGMKLSWQKELLSEILG 
RPS2_kinase1  GGVGKTTLMQSINN---ELITKGHQYDVLIWVQMSREFG--------ECTIQQAVGARLGL 
 
             Kinase 2                   Kinase 3a 
              61        71        81        91        101       111        
Rga_1         KN---VIIDTARQGKDMIKKFLHNKKVLLVLGDVN-VEIQLEHLAGNQNWFGGGSRIIV 
Rga_2         IRK--MNMRSVEWVKGMIKERLCRKRALIVLDDVT-TLEQVNALCGNREWIGQGSVIIV 
Rga_3         IRK--MNMRSVEWVKGMIKERLCRKRALIVLDDVT-TLEQVNALCGNREWIGQGSVIIV 
Rga_4         IRK--MNMRSVEWVKGMIKERLCRKRALIVLDDVT-TLEQVNALCGNREWIGQGSVIIV 
Rga_5         IRK--MNMRSVEWVKGMIKERLCRKRALIVLDDVT-TLEQVNALCGNREWIGQGSVIIV 
Rga_6         IHVG----KTWDPIHVFHCREWGPRHYIL*IFSL*--NAETCSASHTTKLYKPTSSAIL 
L6_kinase1    IDSGSVGFNNDSGGRKTIKERVSRFKILVVLDDVD-EKFKFEDMLGSPKDFISQSRFII 
N_kinase1     EK---ANYNNEEDGKHQMASRLRSKKVLIVLDDIDNKDHYLEYLAGDLDWFGNGSRIII 
RPP5_kinase1  QKD—-IKIEHF----GVVEQRLNHKKVLILLDDVD-NLEFLKTLVGKAEWFGSGSRIIV 
RPS2_kinase1  SWD---EKETGENRALKIYRALRQKRFLLLLDDVW-EEIDLEKTGVPRPDRENKCKVMF 
 
 
       Kinase 3a 
              121       131       141       151       161       171        
Rga_1         TTRDKHLL-ISHGLLLAVYEMGLLNNQESLLLFCEKAFNGNQP-LTEYLELSKKVVEYS 
Rga_2         TTRDVRIL—-NILEVDDIYRMKEMDEKESLELFSWHAFRETSP-QEDFFELSRSVVTLC 
Rga_3         TTRDVRIL—-NILEVDDIYRMKEMDEKESLELFSWHAFRETSP-QEDFFELSRSVVTLC  
Rga_4         TTRDVRIL—-NILEVDDIYRMKEMDEKESLELFSWRAFRETSP-QEDFFELSRSVVTLC 
Rga_5         TTRDVRIL—-NILEVDDIYRMKEMDEKESLELFSWHAFRETSP-QEDFFELSRSVVTLC 
Rga_6         LFQKKKLY-QHTTSARFFW*VIFMYN*-----FNVCYY*KYACQEEYFGDLSYYVLMKT 
L6_kinase1    TSRSMRVLGTLNENQCKLYEVGSMSKPRSLELFSKHAFKKNTP-PSYYETLANDVVDTT 
N_kinase1     TTRDKHLI-EKN---DIIYEVTALPDHESIQLFKQHAFGKEVP-NENFEKLSLEVVNYA 
RPP5_kinase1  ITQDRQLL—-KAHEIDLVYEVKLPSQGLALKMISQYAFGKDSP-PDDFKELAFEVAELV 
RPS2_kinase1  TTRSIALC--NNMGAEYKLRVEFLEKKHAWELFCSKVWRKDLLESSSIRRLAEIIVSKC 
 
              181       191       201       211       221       231        
Rga_1         GGLPLAL 
Rga_2         GGLPLAL 
Rga_3         GGLPLAL 
Rga_4         GGLPLAL 
Rga_5         GGLPLAL 
Rga_6         KGLPLAL 
L6_kinase1    AGLPLTL 
N_kinase1     KGLPLAL 
RPP5_kinase1  GSLPLGL 
RPS2_kinase1  GGLPLAL 
 
 
Figure 5.5 Alignment of the deduced amino acid sequences of the RGAs from L. luteus and the kinase 
domain of other TIR NBS-LRR resistance gene proteins. Dashed regions indicate gaps introduced in the 
sequence to maximize alignment. Regions which are boxed correspond to domains of high conservation.   114 
The deduced amino acid sequences from the five lupin RGAs with uninterrupted ORFs were 
compared to protein sequences in Genbank using the blastx algorithm (Altschul et al., 1997). The 
two most homologous sequences identified for each lupin RGA is presented in Table 5.3. The 
highest homology observed for all RGAs was found to be disease resistance proteins from other 
members  of  the  legume  family,  including  Lens  culinaris,  Medicago  truncatula  and  Pisum 
sativum. The highest homology to any functionally characterized plant disease resistance gene 
was 48% amino acid identity between Rga 1 and the N gene of tobacco. 
 
Table 5.3 Sequences producing significant alignments to RGAs identified in L. luteus. The top two blast 
hits for each sequence is shown. 
 
L. luteus RGA      Sequence similarity  Amino acid 
identity 
Probability  Accession number 
Rga 1  Lens culinaris (lentil) putative 
resistance gene analogue protein 
(fragment) 
 
91/159  
(57%) 
6e-46  Q70WJ6 
  Arachis stenosperma resistance 
protein (fragment). 
 
89/160 
(56%) 
4e-39  Q6YDA1 
Rga 2  Medicago truncatula (barrel medic) 
disease resistance protein 
 
97/157  
(62%) 
7e-51  Q1SHM1 
  Pisum sativum (garden pea) putative 
nbs-lrr type disease resistance protein 
(fragment) 
 
92/157  
(59%) 
4e-48  Q9SPZ3 
Rga 3  Medicago truncatula (barrel medic) 
disease resistance protein 
 
96/158 (61%) 
 
6e-50 
 
Q1SHM1 
  Pisum sativum (garden pea) putative 
NBS-LRR type disease resistance 
protein (fragment) 
 
91/158 (58%) 
 
3e-47 
 
Q9SPZ3 
Rga 4  Medicago truncatula (barrel medic) 
disease resistance protein 
 
108/171 
(63%) 
 
1e-56 
 
Q1SHM1 
  Cicer arietinum (chickpea) (garbanzo) 
NBS-LRR type disease resistance 
protein (fragment) 
 
105/171 
(61%) 
 
6e-54 
 
Q1A7E2 
 
Rga 5  Medicago truncatula (barrel medic) 
disease resistance protein 
 
98/158 (62%) 
 
3e-51 
 
Q1SHM1 
  Pisum sativum (garden pea) putative  
NBS-LRR type disease resistance 
protein (fragment) 
 
93/158 (59%) 
 
1e-48 
 
Q9SPZ3   115 
A pairwise comparison between the six lupin RGAs and the NBS domain sequences of known 
resistance genes RPS2, L6, RPP5 and N was performed using the OldDistances matrix, available 
through the Australian National Genomic Information Service (ANGIS) (http://angis.org.au) suite 
of programs (Figure 5.6). The highest similarity in RGAs was detected between Rga 5 and Rga 2 
together with Rga 5 and Rga 4 (99.4% at the amino acid level). Of the known resistance genes 
compared, the N gene from N. tabacum showed the highest degree of similarity to the isolated 
RGAs with Rga 1 and Rga 5 displaying similarity percentages of 48.4% and 48.7% respectively 
at the amino acid level. As expected, the lowest similarity within RGAs was observed for Rga 6 
which, unlike the other RGAs identified, did not contain an uninterrupted ORF. Interestingly, the 
lowest similarity detected for the known resistance genes compared was RPS2, the only non-TIR 
type included. Similarity percentages observed for RPS2 ranged from 20.7% to 33.3% for Rga 6 
and Rga 4 respectively.  
 
 
 
   RPS2  L6  RPP5  N  Rga 1  Rga 2  Rga 3  Rga 4  Rga 5  Rga 6    
RPS2  1.000  0.263  0.232  0.289  0.263  0.321  0.327  0.333  0.327  0.207  RPS2 
L6  0.348  1.000  0.368  0.465  0.396  0.475  0.462  0.468  0.475  0.215  L6 
RPP5  0.305  0.434  1.000  0.484  0.387  0.465  0.471  0.465  0.471  0.273  RPP5 
N  0.357  0.461  0.497  1.000  0.484  0.481  0.481  0.481  0.487  0.248  N 
Rga 1  0.374  0.472  0.467  0.476  1.000  0.475  0.475  0.487  0.481  0.190  Rga 1 
Rga 2  0.378  0.458  0.484  0.458  0.515  1.000  0.981  0.987  0.994  0.273  Rga 2 
Rga 3  0.380  0.452  0.486  0.458  0.513  0.992  1.000  0.981  0.987  0.273  Rga 3 
Rga 4  0.378  0.456  0.484  0.458  0.515  0.996  0.992  1.000  0.994  0.265  Rga 4 
Rga 5  0.380  0.458  0.486  0.460  0.517  0.998  0.994  0.998  1.000  0.273  Rga 5 
Rga 6  0.312  0.302  0.296  0.320  0.291  0.291  0.288  0.294  0.291  1.000  Rga 6 
   RPS2  L6  RPP5  N  Rga 1  Rga 2  Rga 3  Rga 4  Rga 5  Rga 6    
 
 
Figure 5.6 Pairwise similarities calculated for the comparison of  L. luteus Rga kinase sequences and the 
corresponding kinase domain in RPS2 (Bent et al., 1994), L6 (Lawrence et al., 1995), RPP5 (Parker et al., 
1997)  and  N  (Whitlam  et  al.,  1994)  resistance  proteins.  Values  highlighted  in  blue  are  based  on  the 
comparisons  of  the  deduced  amino  acid  sequences  while  values  highlighted  in  yellow  are  base  on 
comparisons of the nucleotide sequences. Values are calculated using the OldDistances matrix in the GCG 
package of software available through ANGIS. 
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A tree diagram (Figure 5,7), based on the alignments of the deduced amino acids presented in 
Figure 5.5, was constructed using Mega 4.0 (Tamura et al., 2007). Lupin Rga 1 was observed to 
be most similar to the N resistance gene from tobacco and unlike the other RGAs identified. Rga 
2,  Rga  3,  Rga  4  and  Rga  5  were  observed  to  be  highly  homologous  and  clustered  together 
showing the greatest identity with the RPP5 resistance gene from Arabidopsis. Rga 6, which did 
not contain an ORF, did not group with any of the other RGAs as expected and was used as an 
outlier. As previously noted in the pairwise comparison of RGAs (Figure 5.5), RPS2, the only 
non-TIR resistance gene, did not group with any of the other RGAs compared, supporting the 
likelihood that the lupin Rgas identified are members of the TIR NBS LRR class of RGAs. The 
clustering of lupin Rga 2, Rga 3, Rga 4 and Rga 5 with RPP5 and the clustering of lupin Rga 1 
with N indicates that two classes of lupin RGAs have been identified. Lupin class RGA 1 is 
represented by the lupin Rga 1 sequence, while lupin class RGA 2 is represented by the lupin Rga 
5 sequence. Rga 5 was observed to have the highest pairwise comparison values, at both the 
nucleotide  and  protein  level,  against  both  the  lupin  Rgas  and  the  known  R  genes  and  was 
therefore chosen as a representative sequence of the second class of lupin RGAs. 
 
 
Figure 5.7 Phylogentic tree of the deduced amino acid sequences of Lupin RGAs based on the Neighbour 
joining method using Mega4.0 (Tamura et al., 2007). 
 Rga 2
 Rga 3
 Rga 5
 Rga 4
 RPP5
 N
 Rga 1
 L6
 RPS2
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Comparative  analysis  of  RGA  1  and  RGA  2  was  also  conducted  using  the  model  legume 
Medicago truncatula. In Medicago truncatula the genome has been organized into chromosomal 
maps which are estimated to cover approximately 90% of all genes (Hwang et al., 2009).  A web-
based bioinformatics tool, for comparative analysis using CViT blast, is available through the 
Medicago Genome Sequencing Consortium (www.medicago.org). Although both sequences were 
represented on all chromosomes, the highest percentage of homologous sequences was observed 
on chromosomes 3 and 6 (highlighted in grey in Figures 5.8 and 5.9). These regions correspond 
to regions previously identified by Torregrosa et al (2008) as containing superclusters of NBS-
LRRs.    118 
 
Figure 5.8 Distribution of Rga 1 homologous sequences on the eight chromosomes of M. truncatula. Each 
red dot represents a HSP derived from a blastx query displayed using CViT blast. Regions identified to 
contain superclusters of NBS-LRR in M. truncatula are highlighted in grey. 
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Figure 5.9 Distribution of Rga 2 homologous sequences on the eight chromosomes of M. truncatula. Each 
red dot represents a HSP derived from a blastx query displayed using CViT blast. Regions identified to 
contain superclusters of NBS-LRR in M. truncatula are highlighted in grey. Regions which vary in 
distribution from Rga1 (Figure 5.8) are highlighted in yellow. 
 
 
Within Medicago truncatula the distribution of both Rga sequences was almost identical, with 
only minor differences (highlighted in yellow in figure 5.9) observed. Two smaller regions of 
homology were also identified on chromosome 4 and 8.   120 
 
Using Medicago truncatula as a reference, regions on chromosomes 3, 4, 6 and 8, which were 
found to be homologous to Rga1 and Rga2, were further subjected to comparative analysis with 
other  leguminous  species  using  the  legume  information  system  (http://www.comparative-
legumes.org/lis). BACs identified to contain sequences homologous to Rga1 and Rga2 in  M. 
truncatula  were  compared  to  other  legume  species  and  corresponding  features  identified. 
Although no corresponding features were identified from the clusters on chromosome 4, 6 and 8, 
a homologous region on M. truncatula chromosome 3 was found to correspond to regions on 
chromosomes 5 (A1), 13(F) and 15(E) of Glycine max. Figure 5.10 shows the correspondence of 
the CAPs marker DK500R in M. truncatula to the RFLP A597_1 in soybean on chromosome 
15(E). AER1, a major gene conferring resistance to Aphanomyces euteiches has been recently 
mapped to this region in M. truncatula (Hamon et al., 2010). Interestingly, a QTL, SCN 25-1 for 
soybean cyst nematode resistance (Yue et al., 2001) and a QTL, Ma 2-2, for peanut root knot 
nematode in soybean (Tamulonis et al., 1997), have been mapped to the corresponding region in 
soybean. The SSR marker 001A02 was also observed to correlate with the markers A487_1 and 
K007_2 on soybean chromosomes 5(A1) and 13(F) respectively. Marker A487-1 is associated 
with a QTL for soybean cyst nematode resistance (Vierling et al., 1996) while marker K007_2 is 
located adjacent to the Rps3 locus for resistance to Phytophthora root rot (Demirbas et al., 2001).  
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Figure 5.10 Comparative analysis of regions homologous to Rga 1 and Rga 2 from L. luteus. BAC sequences homologous to Rga 1 and Rga 2 were identified in M. 
truncatula and markers anchored to these regions were used to identify corresponding regions in Glycine max. Markers associated with lupin RGAs in M. truncatula 
are highlighted in red on the left panel. The location of corresponding markers in Glycine max are identified with a red line. The position of identified genes are 
located on the right of each chromosome.
120
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To further examine the relatedness of lupin RGAs to known resistance proteins, a dendrogram 
was constructed from 27 amino acid sequences of the highly conserved Kinase 2 domain of 
cloned R-genes and RGA proteins using Mega 4.0 (Tamura et al., 2007). RGA proteins were 
selected for use based on comparative analysis against the SwissProt and Sp TrEMBL databases 
using the the blastx algorithm(Altschul et al., 1997) where the percentage identity was observed 
to be greater than 50%. Figure 5.11 shows the relationship of lupin RGAs to both known R 
genes and RGAs. Highly homologous lupin Rgas 2 to 5 were observed to be most similar to an 
RGA identified in soybean whereas Rga 1 clustered with RGAs isolated from cowpea and 
lentil. Of the known R genes examined, the RT4-4 gene for CMV resistance and the N gene for 
resistance to tobacco mosaic virus was observed to be the most similar to the lupin Rga1. Only 
one other R gene, L6, was located in this cluster. RT4-4, N and L6 are all members of the TIR-
NBS-LRR class of R genes. Interestingly, RCY1, the gene for resistance to the yellow stain of 
CMV  is  located  in  a  separate  cluster  together  with  R  genes  identified  against  other  virus 
pathogens.  
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Figure 5.11 Dendrogram of the Kinase domain proteins of known R genes, RGAs and lupin RGAs based 
on the Neighbour joining  method using Mega4.0  (Tamura et al., 2007) R proteins form leguminous 
species are  noted. Identified  virus  R-genes are highlighted in  yellow.  Accession  numbers relating to 
proteins represented in this figure are detailed in Table 5.4 
 
Legume 
Legume 
Legume 
Virus 
R-genes 
Virus R-genes   124 
Table 5.4 Origins of R genes and RGAs used for Kinase 2 tree analysis. 
 
Accession number/disease 
resistance gene  Species  Annotation  Reference 
Q96435  Glycine max (Soybean)  Disease resistance protein 
homolog 
Proc. Natl. Acad. Sci. U.S.A. 
93:11746-11750(1996). 
Q1A7E2  Cicer arietinum (Chickpea)  NBS-LRR type disease 
resistance protein  Genome 49:1227-1237(2006). 
Q9SPZ3  Pisum sativum (Garden pea)  Putative NBS-LRR type disease 
resistance protein 
Theor. Appl. Genet. 101:241-
247(2000). 
Q94KH5 
Phaseolus vulgaris (Kidney 
bean) 
Putative disease resistance 
protein SB1  Genome 42:41-47(1999). 
Q1SHM1 
Medicago truncatula (Barrel 
medic)  Disease resistance protein  Direct submission 
Q0PDV8  Prunus avium (Cherry)  NBS-containing resistance like 
protein  Direct submission 
Q45VL4_ 
Populus tremula (European 
aspen)  Disease resistance like protein  Direct submission 
Q2PT40  Ipomoea batatas (Sweet potato)  NBS-LRR protein  J. Biosci. 32:713-721(2007). 
Q6YDB5  Arachis hypogaea (peanut)  Resistance protein  Mol. Genet. Genomics 270:34-
45(2003) 
Q4VVB1  Fragaria ananassa (Strawberry)  Putative disease resistance gene 
analogue NBS-LRR  Direct submission 
Q70WJ6  Lens culinaris (Lentil)  Putative resistance gene 
analogue protein  Genome 47:650-659(2004) 
Q94L24  Vigna unguiculata (Cowpea)  Resistance-gene protein  Direct submission 
N  Nicotiana glutinosa (Tobacco)  TMV resistance protein N  Cell 78:1101-1115(1994). 
RT4-4 
Phaseolus vulgaris (Kidney 
bean) 
Cucumber mosaic virus 
resistance  gene RT4-4 
Proc Natl Acad Sci 103: 11856-
11861 (2006) 
RPP5 
Arabidopsis thaliana (Mouse-ear 
cress) 
Downy mildew resistance protein 
RPP5  Plant Cell 9:879-894(1997) 
RPP4 
Arabidopsis thaliana (Mouse-ear 
cress) 
Downy mildew resistance protein 
RPP4  Plant J. 29:439-451(2002). 
L6 
Linum usitatissimum (Flax) 
(Linseed) 
Linum usitatissimum rust 
resistance (L6) gene  Plant Cell 7:1195-1206(1995) 
RPS2 
Arabidopsis thaliana (Mouse-ear 
cress) 
Resistance to Pseudomonas 
syringae protein 2 (RPS2)  Science 265:1856-1860(1994) 
Xa1  Oryza sativa (Rice)  Bacterial blight-resistance protein 
Xa1 
Proc. Natl. Acad. Sci. U.S.A. 
95:1663-1668(1998) 
RPM1 
Arabidopsis thaliana (Mouse-ear 
cress) 
Resistance to Pseudomonas 
syringae protein 3  Science 269:843-846(1995) 
Tm22 
Solanum lycopersicum (Tomato) 
(Lycopersicon esculentum) 
Tm-2 tomato mosaic virus 
resistance gene resistance 
protein 
Plant Mol. Biol. 52:1037-
1049(2003) 
Mi-1 
Solanum lycopersicum (Tomato) 
(Lycopersicon esculentum) 
root knot nematode Plant 
resistance protein Mi  Plant Cell 10:1307-1319(1998) 
Sw-5 
Solanum lycopersicum (Tomato) 
(Lycopersicon esculentum) 
tomato spotted wilt virus 
resistance gene Sw-5 
Mol Gen Genet. 1997 
Sep;256(2):121-6. 
PVX-Rx  Solanum tuberosum (Potato)  potato virus resistance gene Rx  Plant Cell 11:781-792(1999) 
HRT 
Arabidopsis thaliana (Mouse-ear 
cress) 
Resistance Turnip Crinkle Virus 
(RPP8 family)  Plant Cell 12:663-676(2000) 
RPP8 
Arabidopsis thaliana (Mouse-ear 
cress) 
Resistance to Peronospora 
parasitica protein 8  Plant Cell 10:1861-1874(1998) 
RCY1 
Arabidopsis thaliana (Thale 
cress) 
Cucumber mosaic virus 
resistance  gene RCY1  Plant J. 2002 Dec;32(5):655-67 
Xa21 
Oryza longistaminata 
(Longstamen rice) 
Receptor kinase-like protein 
Xa21  Science 270:1804-1806(1995) 
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5.4 Discussion 
 
Degenerate primers, based on conserved motifs within disease resistance genes, have been used 
in many species to identify RGAs. This strategy has been successfully applied in L. luteus in the 
present study to isolate RGA sequences and is the first report of its kind for yellow lupin. 
Twelve  primer  combinations  targeting  different  conserved  domains  were  used  to  identify 
L.luteus  RGAs.  Primers  designed  against  conserved  motifs  outside  of  the  Kinase  – 
transmembrane region, although capable of amplifying, were not found to be as successful as 
those targeting the kinase/P-loop and transmembrane/GLPL domain.  
 
From the 55 putative RGA clones sequenced, five were identified to be both homologous to 
known R genes and to contain an uninterrupted ORF. In comparison to other RGA studies 
targeting the same region, the number of RGA sequences obtained is low (Donald et al., 2002; 
Huettel et al., 2002; Yan et al., 2003). Kozjak et al (2009) also observed low numbers of RGA 
sequences using this region in indentifying RGAs in hop. The hydrophobic GLPLA/TL motif 
used was found to yield sequences primarily containing alanine. This, combined with primer 
degeneracy and low sampling, may explain the low numbers of sequences obtained.  
 
The lupin RGA sequences were found to group into two major groups. Rga 1 was found to be 
more diverse from Rga 2 to Rga 5 which are all closely related (Figure 5.7). Although the 
sequences identified in clones Rga 2 to Rga 5 were observed at least twice within the pool of 55 
clones  examined,  the  variation  between  sequences is  low. The  likelihood that  the  variation 
observed in this group of RGAs being a result of PCR artefact can not be discounted. PCR 
artifacts have been attributed to a number of events, including polymerase error (Keohavong 
and Thilly, 1989) and the formation of heteroduplex molecules (Thompson et al, 2002). The 
rate of PCR artiefacts within a duplicated product have been estimated at 2 X 10
-4 (Acinas et al, 
2004).    126 
 
Comparisons of the deduced amino acid sequences from the lupin RGAs, with that of other 
known R genes, revealed the presence of conserved functional domains (Figure 5.5). The P loop 
motif  within  the  lupin  RGAs  is  GG(V/G)GKTT  and  is  consistent  with  the  P  loop  motif 
consensus XGXGKTT which is present is the majority of plant species (Yaish et al., 2004). 
Regions in the kinase domains of the lupin RGAs were also found to be highly conserved with 
motifs common to the NB domain of known R-genes. These conserved structural motifs are 
located  within the  NB-ARC,  which  is characteristic  of  proteins  which  belong  to  the signal 
transduction ATPase with numerous domains (STAND) family of NTPase (Leipe et al., 2003). 
Composed of three subdomains, which include the NB, which forms a P-loop NTpase fold, the 
ARC1 which consists of a four helix bundle and the ARC2, a winged helix fold (Tameling et 
al., 2006), the conserved motifs within the NB-ARC are located at the interface of the three sub-
domains  where  they  form  a  nucleotide  binding  pocket  (Lukasik  and  Takken,  2009).  The 
significant homology observed between the domains found in lupins and those identified to be 
conserved within the NB and ARC1 suggests of a role as a functional R-gene. 
 
TIR-NBS-LRR  R  proteins  characteristically  lack  a  tryptophan  at  the  C-terminal  end  of  the 
kinase 2 motif (Meyers et al., 1999) and this is consistent with the RGA sequences identified in 
yellow lupin. Although aspartic acid is mostly commonly associated with membership to the 
TIR family of R proteins in this location, numerous exceptions have been identified (Yaish et 
al., 2004). Within the two classes of lupin RGAs identified, asparagine and threonine were 
found to replace the tryptophan residue at this location. The motif FXXXXF, also indicative of 
the TIR class of NBS-LRR proteins (Pan et al., 2000) was observed in all the lupin RGAs 
identified,  further  suggesting  that  lupin  RGAs  belong  to  the  TIR  subclass  of  resistance 
analogues.  
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NBS-LRR R genes most commonly reside in clusters, a result of the ‘birth and death’ process 
arising from tandem duplication or contraction events (Michelmore and Meyers, 1998), and 
virus resistance genes in these complex loci are often allelic or linked to other R genes against 
unrelated  pathogens  (Hubert  et  al.,  2001).  Comparative  analysis  of  the  lupin  RGAs  with 
Medicago truncatula, has identified homologous regions on chromosomes Mt3, Mt4, Mt6 and 
Mt8. These regions are known to contain superclusters of NBS-LRRs with more than 54% of 
NBS-LRR genes encoded on Mt3, Mt4 and Mt6 (Ameline-Torregrosa et al., 2008). The region 
identified on Mt3 of M. truncatula was found be associated with an A. euteiches resistance 
locus, AER1 (Hamon et al., 2010). Comparative analysis of this region in M. truncatula to 
Glycine max (Figure 5.10) identified a number of resistance loci to a range of R genes including 
a number of nematode resistance genes as well as the root rot resistance locus Rps3 (Demirbas 
et al., 2001; Tamulonis et al., 1997; Vierling et al., 1996; Yue et al., 2001). R gene evolution via 
duplication  and  recombination  through  unequal  crossing  over  is  a  major  component  in  the 
generation of new R gene specificity (Friedman and Baker, 2007). Within an R gene cluster, 
evolution  can  occur  at  varying  rates  where  duplication  and  unequal  crossing  over  can  be 
followed by haplotype specific purifying selection or drift (Kuang et al., 2004; McHale et al., 
2006). This heterogeneous rate of evolution results in the variable copy number observed and 
the semi-independent mechanism of evolution within R gene families (McHale et al., 2006; 
Michelmore  and  Meyers,  1998).  As  observed  for  the  Arabidopsis  HRT  R  gene  for  Turnip 
crinkle  virus  resistance  and  the  RPP8  gene  for  resistance  to  the  oomycete  Peronospora 
parasitica,  homologous  members  of  related,  multigene  families  can  be  highly  pathogen 
specific(Cooley et al., 2000). The identity of the lupin RGAs to known R genes for different 
pathogens is consistent with the evolution of R gene specificity and it is likely that these R 
genes are members of a larger R gene family. 
 
The comparison of the lupin RGA kinase 2 domain to that of known R genes, together with a 
number of isolated RGAs confirmed that lupin RGAs were divided into two classes (Figure   128 
5.10).  These  classes  clustered  together  with  other  RGAs  isolated  mainly  from  leguminous 
species. Within the Fabaceae family, lupins are phylogentically most closely related to Glycine 
max (Wojciechowski, 2003). For Rgas 2 to Rga 5, the most closely related RGA originating 
from a leguminous species arose from Glycine max as expected, however, Rga 1 was found to 
cluster with RGAs from Lens culinaris and Vigna unguiculata which are more distantly related. 
Of the two CMV resistance genes isolated to date, only RT4-4 was observed to cluster with the 
lupin RGAs. RCY1 was found to group with the other known virus resistance genes of the CC-
NBS-LRR family. Like the N gene, RT4-4 is also a member of the TIR-NBS-LRR family of 
resistance genes and the location of this R gene in the same cluster as the lupin RGAs is 
indicative that the lupin RGAs are members of TIR-NBS-LRR family of resistance proteins. 
The clustering of Rga 1 with N and RT4-4 suggests that this class of lupin RGAs is more closely 
related to R proteins derived from viral resistance genes than lupin Rga 2 – Rga 5 and would 
make a suitable candidate for further investigation and marker development.    129 
Chapter 6. Analysis of transcribed resistance gene analogues 
as candidate markers for Ncm-1 
 
6.1 Introduction 
 
The frequent linkage of resistance gene analogues (RGAs) to known resistance loci has been 
exploited  by  many  groups  to  identify  genetic  markers  linked  to  known  R-genes.  With  the 
completion of the sequencing of the Arabidopsis and Rice genomes, numerous in silico studies 
and laboratory analysis have been conducted in order to identify and assess RGAs. The broad 
strategy in these studies is to search for conserved motifs with the aim of identifying new 
markers for isolating candidate resistance loci  (Chelkowski and Koczyk, 2003; Koczyk and 
Chelkowski,  2003;  Meyers  et  al.,  2003).  In  species  such  as  barley  (Madsen  et  al.,  2003), 
soybean (Kanazin et al., 1996), potato (Leister et al., 1996) and rice (Leister et al., 1998), 
genomic locations of isolated RGAs have been determined using linkage maps and this location 
of an RGA correlated with the location known resistance loci. In species where no detailed 
genetic  maps  are  available,  RGAs  can  be  a  useful  tool  in  the  preliminary  localisation  of 
candidate R genes and thus facilitate the use of the respective RGA for the development of 
assays for marker assisted selection. In crops, such as the chestnut rose, Xu and colleagues 
(2005) have successfully used RGAs to characterize and isolate markers linked to resistance to 
powdery  mildew.  Where  an  RGA  co-segregates  perfectly,  it  is  possible  that  the  isolated 
fragment represents a portion of a functional gene. In Arabidopsis thaliana, an RGA was found 
to be a part of the RPP5 gene which confers resistance to powdery mildew (Aarts et al., 1998a).  
 
Molecular markers derived from RGAs, together with RGAs themselves, can also function to 
identify further resistance genes. To date, RGAs have been found to be organized in clusters, 
similar  to  resistance  genes  generally,  which  can  contain  several  closely  related  genes  or  a 
number of distinct gene families (Leister et al., 1998; Michelmore and Meyers, 1998; Wei et al.,   130 
1999). Most frequently occurring as multicopy families, RGA families display tight linkage 
which cannot  be  resolved  in  many  typical  mapping  populations.  Not all members within a 
multicopy  RGAs  are  linked  (Timmerman-Vaughan  et  al.,  2000)  and  single  copy  or 
‘microclusters” of RGAs have also been identified (Kanazin et al., 1996). RGAs which are 
members of the same gene cluster share a greater sequence homology than those which are 
unlinked (Ellis et al., 1995; Meyers et al., 1998). This is thought to be a result of R gene 
evolution whereby many R-genes arose from duplication events (for review see (Takken and 
Joosten, 2000)). The genetic linkage of RGAs has been used successfully to identify additional 
candidate sequences. Quint and colleagues (2003) were able to use the pic19 RGA, a candidate 
for the sugarcane mosaic virus (SCMV) resistance gene Scmv1, to identify additional linked 
RGA  sequences  by  screening  a  maize  BAC  library.  Mapped  to  chromosome  6S,  pic19 
identified two contigs which localised to the same region as a QTL for SCMV on chromosome 
1. 
 
The development of molecular markers using RGA sequences involves the identification of 
genetic polymorphism and the conversion of these into simple marker systems which can be 
used in segregating populations. Numerous marker types have been successfully used for this 
purpose  including  RFLP  (Xu  et  al.,  2005),  CAPS  (Donald  et  al.,  2002)  and  RGA-STS 
(Hinchliffe et al., 2005). However, due to their abundance in the genome and the conserved 
nature of RGAs, it is likely that in any population, many RGAs identified will not be linked to 
segregating  resistance  loci.    In  many  instances,  of  the  large  numbers  of  RGA  sequences 
identified,  only  a  single  analogue  will  be  polymorphic  (Xu  et  al.,  2005)  or  only  a  single 
analogue will be distantly related to a resistance locus  (Timmerman-Vaughan et al., 2000).  
 
Where  conventional  mapping  methods,  such  as  RFLP,  indicate  that  polymorphism  exists 
between parental types but no sequence variation is found, additional techniques are required to 
resolve the probe and identify a usable polymorphism. Techniques such as genome walking   131 
have  been  used  to  identify  sequences  flanking  monomorphic  marker  regions  (Plieske  and 
Struss, 2001). Between homologous DNA fragments, indels and SNPs are the most abundant 
form of DNA polymorphism. 
 
The  overall  aim  of  the  work  detailed  in  this  chapter  was  to  identify  SNPs  within  RGA 
sequences linked to CMV resistance in L. luteus and to use these to develop a robust molecular 
marker for allele determination for marker assisted selection.  
 
6.2 Materials and Methods 
 
6.2.1 Sequencing of RGAs in parental genotypes 
 
In order to characterise the RGAs identified for linkage analysis and marker development, two 
primer pairs were designed to amplify the RGA 1 (RGA1 3’-GGTGGGGTTGGGAAGACAAC 
and  RGA1  5’  –AGGGCTAGGGGGAGGCC)  and  RGA  2  (RGA2  3’-
GGGGGGGGTGGGAAGAC and RGA1 5’ –AGGGCTAGGGGGAGGCC) class of analogues. 
PCR  products  generated  from  both  the  parental  genotypes  were  purified  and  cloned  for 
sequence analysis. A minimum of three clones per product were sequenced for both strands. 
6.2.2 Southern hybridisation 
 
The Rga 1 fragment was used as a probe for hybridisation based screening, as described in 
Chapter  2,  to  determine  if  the  organization  and  copy  number  this  of  class  of  resistance 
analogues differed between the parental types. The Rga 1 fragment was initially amplified from 
genomic  DNA  (L.  luteus,  cv.  Wodjil)  and  cloned  into  the  pGEM-T  easy  vector  system 
(Promega). Clones identified to contain the RGA 1 fragment were then isolated and purified for 
labeling with [
32P]dCTP (Amersham). Membranes were hybridized overnight at 65
0C with the   132 
labeled probe, as described in section 2.11, before being washed and exposed to x-ray films 
(Kodak) for 16-40 hours at -80
0C. 
 
6.2.3 mRNA extraction 
 
mRNA was isolated from lupin leaf tissue using Dynabeads (Dynal Inc) according to the Dynal 
15 minute mRNA extraction protocol. For each sample, 100mg of leaf tissue was ground in 
liquid nitrogen using a cold mortar and pestle. The resulting powder was transferred to 1.5ml 
tube containing 1 ml of lysis/binding buffer (100 mM Tris-HCl pH 8.0, 500 mM EDTA pH 8.0 
1% SDS, 5 mM dithiolthreitol). The tube was then vortexed for 1 minute to facilitate lysis 
before centrifugation at 14 000 rpm for 30 seconds. The supernatant was transferred to a 1.5 ml 
tube containing 200l of Dynabeads Oligo(dT)25 (Dynal Inc) which had been washed once in 
lysis/binding buffer. The beads were resuspended in the lysate solution by pipetting and the 
mRNA allowed to bind at room temperature for 5 minutes. The tube was then placed in a 
magnetic particle concentrator to recover the bound beads and the supernatant was removed. 
Following the initial recovery, the beads were washed twice using 500l washing buffer A (10 
mM Tris-HCl pH 8.0, 0.15 mM LiCl, 1 mM EDTA, 0.1% LiDS) and once using washing buffer 
B (10 mM Tris-HCl pH 8.0, 0.15 mM LiCl, 1 mM EDTA). The mRNA was then eluted from 
the beads by the addition of 20l of elution buffer (2 mM EDTA pH 8.0) and incubating at 65
0C 
for 2 minutes. The tube was then immediately placed in the magnetic particle concentrator and 
the supernatant containing the mRNA transferred to a fresh tube.  
 
6.2.4 Reverse transcription PCR for first strand cDNA synthesis  
 
Messenger  RNA  isolated  from  L.  luteus,  cv  Wodjil,  were  used  as  a  template  for  reverse 
transcription. For each reaction, 3l of RNA extract was added to a reaction mixture containing 
0.5l of gene specific primer RGA1 5’ (5’–AGGGCTAGGGGGAGGCC-3’) (10 M), 1l of   133 
SMART II A oligo (10M) (Clontech Laboratories Inc) and sterile water to a final volume of 
5l. The reaction was then denatured at 70
0C for 2 minutes and cooled immediately on ice for a 
further 2 minutes. The reaction was then added to a reverse transcriptase mix which consisted of 
2l of 5X 1
st strand buffer, 2 mM dithiothreitol, 1mM dNTP mix, xU PowerScipt Reverse 
Transcriptase (Clontech Laboratories Inc). The reaction was then incubated for 1.5 hours at 
42
0C.  
6.2.5 5’ Rapid amplification of cDNA ends (5’ RACE) 
 
5’ RACE of cDNA templates was carried out using the SMART RACE cDNA Amplification 
Kit (Clontech Laboratories Inc) as per the manufacturer’s instructions. The primers used for 
amplification  of  RACE  products  consisted  of  a  universal  primer  mix  (UPM)  which  was 
composed  of  0.4M  of  long  primer  (5’-
CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3’)  and  2M  of 
short primer (5’-CTAATACGACTCACTATAGGGC-3’), together with a gene specific primer 
INT-3  (5’-CCCATCTCATATACAGCAAGC-3’).    A  nested  primer  (NUP)  (5’-
AAGCAGTGGTATCAACGCAGAGT-3’)  and  a  gene  specific  nested  primer,  INT-3-3  (5’ 
GCCAAATGCTCCAGTTGA -3’) was used in a secondary nested PCR reduce the complexity 
of the products obtained following initial RACE reactions. The PCR reactions were carried out 
on  a  GeneAmp  PCR  system  2400  (Perkin  Elmer)  using  a  cycling  profile  of  an  initial 
denaturation of 94
0C for 1 minute, 5 cycles of 94
0C for 5 sec, 70
0C for 10 sec, 72
0C for 3 min, 
followed by 35 cycles of 94
0C for 5 sec, 60
0C for 10 sec, 72
0C for 3 min and a final extension 
cycle of 72
0C for 5 min. Products were analysis by electrophoresis on a 1% agarose gel in 1 X 
TBE (section 2.9.2). Putative RACE products were then purified (section 2.8) and cloned into 
the pGEM-T easy vector system (section 2.5). Recombinant colonies were identified by PCR 
screening using M13 based primers (section 2.5.1) and clones containing a putative fragment of 
interest selected for sequencing (section 2.6.2) and further analysis.   134 
 
6.2.6 Matrix-Assisted Laser Desorption-Ionisation Time-of-Flight (MALDI-ToF) 
Mass Spectrometry of Single Nucleotide Primer Extension (SNuPE) products 
 
6.2.6.1 Product amplification and dephosphorylation 
 
In genomic regions where SNPs were identified between the two parental genotypes, specific 
primers were designed to amplify the target region encompassing the SNP for use in single 
nucleotide primer extension analysis (SNuPE). Templates for SNuPE analysis were amplified 
using  primer  pair  RGA1SNP-For  (5’-TTGATAGATAAATTCATCATGAC-3’)  and 
RGA1SNP-Rev (5’-AGTGTCAATTATCACGTTCTTGGG-3’) using a standard PCR reaction 
and cycling profile (section 2.6.1). All products were then dephosphorylated before genotyping 
using  SNuPE.  Each  template  was  treated  with  0.5  units  of  shrimp  alkaline  phosphatase 
(SAP)(Amersham  Pharmacia  Biotech)  by  incubating  at  37
0C  for  30  minutes  followed by  a 
further incubation of 80
0C for a further 15 minutes to inactivate the enzyme.  
 
6.2.6.2 Single Nucleotide Extension 
 
In order to analyse SNPs using SNuPE, genotyping primers were designed for each SNP where 
the 3’ terminal based directly flanked the polymorphic base to be analysed. Table 6.1 lists the 
primers designed for each SNP together with their predicted product size in Daltons. For each 
reaction, 0.5 units of ThermoSequenase (Amersham Pharmacia Biotech), 1mM of genotyping 
primer  and  a  specific  mix  of  dNTPs  (25M)  and  ddNTP  (30M)  (Amersham  Pharmacia 
Biotech), where the two ddNTPs present was dependent on the alleles expected, was added to 
SAP treated target templates. The reactions were then incubated at 94
0C for 2 minutes followed 
by 50 cycles of 94
0C for 10 seconds and 37
0C for 30 seconds.   
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Table 6.1 Primers designed for SNuPE analysis.   
 
Primer  Sequence  Mass (Da) 
SNP-2-p12T:    ccggttaaattacaaga  5202.48 
SNP-3-p12C:      ccgtatgaggtgagta  4961.30 
 
6.2.6.3 Desalting 
 
Salt contaminants were removed from SNuPE products before analysis by MALDI-ToF MS by 
float  dialysis  using  a  0.05  m  mixed  cellulose  ester  membrane  filter  (Millipore).  For  each 
sample, 10l of product was transferred to a 96 well filter plate and allowed to dialyse on Milli-
Q purified deionised water for 2 hours. 
 
6.2.6.4 MALDI-ToF Mass Spectrophotometric Analysis 
 
For analysis of SNuPE products using MALDI-ToF mass spectrophotometry, 1l of desalted 
sample was mixed with 1l of 3-HPA matrix (40% acetonitrile, 90 mg/ml 3-hydropicolinic acid 
and 12% ammonium citrate) and spotted onto a 100 well stainless steel sample plate (Applied 
Biosystems). The spotted samples were allowed to air dry for a minimum of 30 minutes before 
being used to obtain a spectra on Perspective Voyager DE-Pro mass spectrophotometer in linear 
mode and positive polarity. An accelerating voltage of 24 kilovolts and an extraction delay time 
of 300 nanoseconds was used and the signals of 50 laser pulses was averaged and visualised 
using the Data Explorer software package (Applied Biosystems version 4.0.0.0). Each sample 
repeated in a separate analysis to ensure reproducibility. 
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6.3 Results 
 
6.3.1 Sequence analysis of RGAs within parental genotypes 
 
The sequence of  both the RGA1 and RGA2 class of analogues was determined in Wodjil and 
P28212 as detailed in section 6.2.1. Direct comparison indicated that both RGA1 and RGA2 
sequences were identical in Wodjil and P28212 (Figure 6.1 and Figure 6.2). 
            1         11        21        31        41        51        
Wodjil-RGA1 GGTGGGGTTGGGAAGACAACGTTAGCTGATGTTGTTTACAACAAAATCAAAAGTAAATTT 
P28212-RGA1 GGTGGGGTTGGGAAGACAACGTTAGCTGATGTTGTTTACAACAAAATCAAAAGTAAATTT 
  
 
            61        71        81        91        101       111        
Wodjil-RGA1 GATTTTAGTTGCTTTCTTGCCAATGTTAGAGAGACTTCTAATGAAGGGGATCAAGGTCCG 
P28212-RGA1 GATTTTAGTTGCTTTCTTGCCAATGTTAGAGAGACTTCTAATGAAGGGGATCAAGGTCCG 
 
 
            121       131       141       151       161       171        
Wodjil-RGA1 GCTAAATTACAAGAAAAACTTCTTTCACAGTTTAAACCCAAGAACGTGATAATTGACACT 
P28212-RGA1 GCTAAATTACAAGAAAAACTTCTTTCACAGTTTAAACCCAAGAACGTGATAATTGACACT 
 
  
            181       191       201       211       221       231        
Wodjil-RGA1 GCAAGACAAGGAAAAGACATGATAAAAAAATTTCTGCACAACAAAAAAGTTCTTCTAGTA 
P28212-RGA1 GCAAGACAAGGAAAAGACATGATAAAAAAATTTCTGCACAACAAAAAAGTTCTTCTAGTA 
 
  
            241       251       261       271       281       291        
Wodjil-RGA1 CTCGGTGATGTGAATGTTGAAATTCAACTGGAGCATTTGGCTGGAAACCAAAACTGGTTT 
P28212-RGA1 CTCGGTGATGTGAATGTTGAAATTCAACTGGAGCATTTGGCTGGAAACCAAAACTGGTTT 
  
 
            301       311       321       331       341       351        
Wodjil-RGA1 GGTGGAGGGAGTAGAATAATAGTGACAACAAGGGATAAACACTTGCTGATTTCACATGGA 
P28212-RGA1 GGTGGAGGGAGTAGAATAATAGTGACAACAAGGGATAAACACTTGCTGATTTCACATGGA 
 
 
 
  
            361       371       381       391       401       411        
Wodjil-RGA1 TTATTGCTTGCTGTATATGAGATGGGACTCTTAAATAATCAAGAGTCTCTTCTTCTCTTT 
P28212-RGA1 TTATTGCTTGCTGTATATGAGATGGGACTCTTAAATAATCAAGAGTCTCTTCTTCTCTTT 
 
  
            421       431       441       451       461       471        
Wodjil-RGA1 TGTGAAAAAGCATTTAATGGAAATCAACCATTAACTGAATATTTGGAGTTGTCTAAAAAA 
P28212-RGA1 TGTGAAAAAGCATTTAATGGAAATCAACCATTAACTGAATATTTGGAGTTGTCTAAAAAA 
 
  
            481       491       501       511 
Wodjil-RGA1 GTAGTTGAATACAGTGGGGGCCTCCCCCTAGCCCT 
P28212-RGA1 GTAGTTGAATACAGTGGGGGCCTCCCCCTAGCCCT 
  
 
Figure 6.1: Comparison of the nucleotide sequences of RGA 1 in L. luteus variety Wodjil and accession 
P28212 using CLUSTALW (CGC ANGIS). Primer positions are indicated with an arrow. 
RGA1 3’ 
RGA1 5’   137 
 
 
            1         11        21        31        41        51         
Wodjil-RGA2 GGGGGGGGTGGGAAGACGACCAAAGCCAAAGCCTTGTACAATAAAATTCGTCGTGATTTC 
P28212-RGA2 GGGGGGGGTGGGAAGACGACCAAAGCCAAAGCCTTGTACAATAAAATTCGTCGTGATTTC  
 
  
            61        71        81        91        101       111        
Wodjil-RGA2 GAAGATAAAAGTTTTCTCGCAAATATCAGAGAAGTTTGGGAGAAAGACATGGGCCAAATT 
P28212-RGA2 GAAGATAAAAGTTTTCTCGCAAATATCAGAGAAGTTTGGGAGAAAGACATGGGCCAAATT 
 
  
            121       131       141       151       161       171        
Wodjil-RGA2 GATTTACAGAAACAACTTCTGTCAGACATTCTTAAAATAAGAAAGATGAATATGCGAAGC 
P28212-RGA2 GATTTACAGAAACAACTTCTGTCAGACATTCTTAAAATAAGAAAGATGAATATGCGAAGC 
 
  
            181       191       201       211       221       231        
Wodjil-RGA2 GTCGAGTGGGTGAAAGGTATGATAAAGGAGAGACTTTGCAGAAAAAGGGCGCTTATTGTA 
P28212-RGA2 GTCGAGTGGGTGAAAGGTATGATAAAGGAGAGACTTTGCAGAAAAAGGGCGCTTATTGTA 
  
 
            241       251       261       271       281       291        
Wodjil-RGA2 CTCGACGATGTAACTACGTTAGAGCAAGTAAATGCACTATGTGGAAATCGTGAATGGATC 
P28212-RGA2 CTCGACGATGTAACTACGTTAGAGCAAGTAAATGCACTATGTGGAAATCGTGAATGGATC 
 
  
            301       311       321       331       341       351        
Wodjil-RGA2 GGTCAAGGGAGTGTTATAATCGTGACAACAAGAGATGTGCGAATACTCAATATCCTTGAA 
P28212-RGA2 GGTCAAGGGAGTGTTATAATCGTGACAACAAGAGATGTGCGAATACTCAATATCCTTGAA 
 
  
            361       371       381       391       401       411        
Wodjil-RGA2 GTCGACGATATCTACAGAATGAAGGAAATGGATGAAAAAGAGTCCCTTGAGCTTTTCAGC 
P28212-RGA2 GTCGACGATATCTACAGAATGAAGGAAATGGATGAAAAAGAGTCCCTTGAGCTTTTCAGC 
 
  
            421       431       441       451       461       471        
Wodjil-RGA2 TGGCATGCTTTTAGGGAAACAAGTCCACAAGAAGATTTCTTTGAGCTCTCAAGAAGTGTA 
P28212-RGA2 TGGCATGCTTTTAGGGAAACAAGTCCACAAGAAGATTTCTTTGAGCTCTCAAGAAGTGTA 
  
 
            481       491       501       511       521       531        
Wodjil-RGA2 GTCACTCTTTGCGGAGGATTGCCACTAGCGTTGCACAAGAAGATTTCTTTGAGCTCTCAA 
P28212-RGA2 GTCACTCTTTGCGGAGGATTGCCACTAGCGTTGCACAAGAAGATTTCTTTGAGCTCTCAA 
 
  
            541       551       561       571        
Wodjil-RGA2 GAAGTGTAGTCACTCTTTGCGGAGGATTGCCACTAGCGTTG 
P28212-RGA2 GAAGTGTAGTCACTCTTTGCGGAGGATTGCCACTAGCGTTG 
 
 
Figure 6.2: Comparison of the nucleotide sequences of RGA 2 in L. luteus variety Wodjil and accession 
P28212 using CLUSTALW (CGC ANGIS). Primer positions are indicated with an arrow. 
 
 
 
RGA2 3’ 
RGA2 5’   138 
6.3.2 Southern hybridisation of RGA-1 
 
To  further  characterise  and  examine  the  organization  of  RGAs  potentially  linked  to  CMV 
resistance,  Southern  blot  analysis  was  performed  using  genomic  DNA  from  the  resistant 
cultivar Wodjil and the susceptible line P28212. A number of major and minor bands were 
observed in both lines using RGA-1 as a probe (Figure 6.3). No bands were detected when the 
samples were digested using BamHI, while digestion using HindIII yielded an identical banding 
pattern in both the resistant and susceptible genotypes. Polymorphism was observed between 
the resistant and the susceptible lines when samples were digested using  EcoRI. The small 
number of bands produced following hybridisation indicates that the copy number of RGA-1 in 
L.luteus is low. 
 
                                                            1      2      3      4       5      6   
                                    
Figure 6.3: Southern blot of alleles of RGA1 on parental varieties Wodjil and P28212. Lane 1-2: EcoRI 
digested P28212 and Wodjil respectively, Lane 3-4 BamHI digested P28212 and Wodjil respectively, 
Lane 5-6: HindIII digested P28212 and Wodjil respectively. The polymorphism observed for the EcoRI 
digest is indicated with an arrow. 
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6.3.3 5’ Rapid amplification of cDNA ends (5’ RACE) 
 
Since sequence analysis of both RGA1 and RGA2 classes of analogues in the parental types 
Wodjil and P28212 did not reveal any nucleotide polymorphisms, and Southern analysis of 
RGA1 indicated a difference in copy number, RGA 1 was chosen as a candidate for 5’ RACE in 
order  to  identifying  polymorphisms  useful  for  marker  development.  Using  the  5’  RACE 
technique, an additional 295bp of sequence upstream of RGA 1 was obtained from Wodjil. A 
new forward primer RGA1SNP-For (5’-TTGATAGATAAATTCATCATGAC-3’), specific for 
the  new  upstream  sequence,  was  designed  for  use  with  the  nested  primer,  INT-3-3  (5’-
AGTGTCAATTATCACGTTCTTGGG-3’), to examine this new sequence from both parental 
types.  
 
The identity of the 5’ RACE products as RGAs was confirmed by sequence comparison using 
the Blastx program (Altschul et al., 1997) through Biomanager. At the amino acid level, the 
RACE extended products showed 50% identity to a TIR fragment in  Medicargo truncatula 
(Accession no. Q2HUD_MEDTR) as well homology to a number of resistance gene analogue 
proteins. Alignment of the sequences generated from the 5’RACE products of both Wodjil and 
P28212 identified two SNPs at positions 157 and 267 (Figure 6.4). An additional SNP not 
previously identified in the original RGA1 sequence, at position 430, was also identified in two 
of the clones examined.  
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            1         11        21        31        41        51         
Wodjil      TTGATAGATAAATTCATCATGACATTTATATGCCATATTATGAACTCAATATATTTATCA 
P28212      TTGATAGATAAATTCATCATGACATTTATATGCCATATTATGAACTCAATATATTTATCA 
RGA1        ------------------------------------------------------------ 
  
            61        71        81        91        101       111        
Wodjil      ACAAAATTCATTAAGACCCATATTAGTTTTGTCATTGTTTTGTTGATTTGATCCTTTTCT 
P28212      ACAAAATTCATTAAGACCCATATTAGTTTTGTCATTGTTTTGTTGATTTGATCCTTTTCT 
RGA1        ------------------------------------------------------------ 
  
            121       131       141       151       161       171        
Wodjil      TTAGGCATGAGTCAAAACTTATTGAAGAAATAGTTGAACACATATATAAAAAGCTGGAAC 
P28212      TTAGGCATGAGTCAAAACTTATTGAAGAAATAGTTGAGCACATATATAAAAAGCTGGAAC 
RGA1        ------------------------------------------------------------ 
  
            181       191       201       211       221       231        
Wodjil      CCAAGTTGGCAATAAATACGGATGAATTGATTTCAATAGAAACAAAAGCAAATGATTTGA 
P28212      CCAAGTTGGCAATAAATACGGATGAATTGATTTCAATAGAAACAAAAGCAAATGATTTGA 
RGA1        ------------------------------------------------------------ 
  
            241       251       261       271       281       291        
Wodjil      TTTCACATTTAAGGTTGGGGTTGCAAGATACTCACCTCATACGGATATGGGGTATGAGTG 
P28212      TTTCACATTTAAGGTTGGGGTTGCAAGCTACTCACCTCATACGGATATGGGGTATGAGTG 
RGA1        --------------------------------------------------------GGTG 
  
 
            301       311       321       331       341       351        
Wodjil      GAATTGGAAAAACAACGTTAGCTGATGTTGTTTACAACAAAATCAAAAGTAAATTTGATT 
P28212      GAATTGGAAAAACAACGTTAGCTGATGTTGTTTACAACAAAATCAAAAGTAAATTTGATT 
RGA1        GGGTTGGGAAGACAACGTTAGCTGATGTTGTTTACAACAAAATCAAAAGTAAATTTGATT 
  
            361       371       381       391       401       411        
Wodjil      TTAGTTGCTTTCTTGCCAATGTTAGAGAGACTTCTAATGAAGGGGATCAAGGTCCGGTTA 
P28212      TTAGTTGCTTTCTTGCCAATGTTAGAGAGACTTCTAATGAAGGGGATCAAGGTCCGGTTA 
RGA1        TTAGTTGCTTTCTTGCCAATGTTAGAGAGACTTCTAATGAAGGGGATCAAGGTCCGGCTA 
  
            421       431       441       451       461       471        
Wodjil      AATTACAAGAAAAACTTCTTTCACAGTTTAAACCCAAGAACGTGATAATTGACACTGCAA 
P28212      AATTACAAGATAAACTTCTTTCACAGTTTAAACCCAAGAACGTGATAATTGACACTGCAA 
RGA1        AATTACAAGAAAAACTTCTTTCACAGTTTAAACCCAAGAACGTGATAATTGACACTGCAA 
  
            481       491       501       511       521       531        
Wodjil      GACAAGGAAAAGACATGATAAAAAAATTTCTGCACAACAAAAAAGTTCTTCTAGTACTCG 
P28212      GACAAGGAAAAGACATGATAAAAAAATTTCTGCACAACAAAAAAGTTCTTCTAGTACTCG 
RGA1        GACAAGGAAAAGACATGATAAAAAAATTTCTGCACAACAAAAAAGTTCTTCTAGTACTCG 
  
            541       551       561       571       581       591        
Wodjil      GTGATGTGAATGTTGA-------------------------------------------- 
P28212      GTGATGTGAATGTTGA-------------------------------------------- 
RGA1        GTGATGTGAATGTTGAAATTCAACTGGAGCATTTGGCTGGAAACCAAAACTGGTTTGGTG 
  
            601       611       621       631       641       651        
Wodjil      ------------------------------------------------------------ 
P28212      ------------------------------------------------------------ 
RGA1        GAGGGAGTAGAATAATAGTGACAACAAGGGATAAACACTTGCTGATTTCACATGGATTAT 
  
            661       671       681       691       701       711        
Wodjil      ------------------------------------------------------------ 
P28212      ------------------------------------------------------------ 
RGA1        TGCTTGCTGTATATGAGATGGGACTCTTAAATAATCAAGAGTCTCTTCTTCTCTTTTGTG 
  
 
 
 
 
GSP1 (Int 3-3) 
SNP-3-P12C 
SNP-2-P12T   141 
            721       731       741       751       761       771        
Wodjil      ------------------------------------------------------------ 
P28212      ------------------------------------------------------------ 
RGA1        AAAAAGCATTTAATGGAAATCAACCATTAACTGAATATTTGGAGTTGTCTAAAAAAGTAG 
  
            781       791       801       811        
Wodjil      -------------------------------- 
P28212      -------------------------------- 
RGA1        TTGAATACAGTGGGGGCCTCCCCCTAGCCCTA 
 
Figure 6.4 Sequence comparison of the 5’RACE products from Wodjil and P28212 with RGA1. SNPs 
between Wodjil and P28212 are marked with a box. The position of the 5’ RACE primers and SNuPE 
genotyping primers are highlighted with brown and pink respectively. 
 
 
 
Alignment of the deduced amino acid sequence of the RACE products from Wodjil and P28212 
revealed  that  of  the  three  SNPs  identified,  two  potentially  gave  rise  to  a  non  synonymous 
substitution (Figure 6.5). A substitution of an aspartic acid (D) to an alanine (A) was observed 
at position 86, while a substitution of a glutamic acid (E) acid to aspartic acid (D) was found at 
position 139.  
 
              1         11        21        31        41        51         
Wodjil_RAC    DRIHHDIYMPYYELNIFINKIHDPYFCHCFVDLILFFRHESKLIEEIVEHIYKKLEPKLA 
P28212_RAC    DRIHHDIYMPYYELNIFINKIHDPYFCHCFVDLILFFRHESKLIEEIVEHIYKKLEPKLA 
  
              61        71        81        91        101       111        
Wodjil_RAC    INTDELISIETKANDLISHLRLGLQDTHLIRIWGMSGIGKTTLADVVYNKIKSKFDFSCF 
P28212_RAC    INTDELISIETKANDLISHLRLGLQATHLIRIWGMSGIGKTTLADVVYNKIKSKFDFSCF 
  
              121       131       141       151       161       171        
Wodjil_RAC    LANVRETSNEGDQGPVKLQEKLLSQFKPKNVIIDTARQGKDMIKKFLHNKKVLLVLGDVNV 
P28212_RAC    LANVRETSNEGDQGPVKLQDKLLSQFKPKNVIIDTARQGKDMIKKFLHNKKVLLVLGDVNV 
 
Figure 6.5: Alignment of the deduced amino acid sequence of the 5’ RACE products from L. luteus cv. 
Wodjil and P28212. Amino acids resulting from polymorphisms observed at the nucleotide level are 
highlighted. 
 
6.3.4 SNuPE assays for marker development 
 
The two SNPs identified between the parental types L. luteus cv. Wodjil and P28212 which 
were predicted to result in non-synonymous mutations, were selected for development into a 
SNuPE assay for genotyping. Genotyping primers were designed such that the 3’ end directly   142 
flanked each SNP. SNuPE assays were performed as described in section 6.2.5. Figure 6.4 show 
the location of each genotyping primer in relation to the candidate SNP. The predicted weight of 
each extension product was determined by the addition of the mass of the ddNTP incorporated, 
to the mass of each genotyping primer. The expected mass for each of the extension products is 
shown on Table 6.2. 
 
Table 6.2 Predicted sizes of SNuPE extension products 
 
6.3.5 SNuPE for mutation A
430→T  
 
To verify the SNuPE assay for genotyping the A
430→T mutation, primer SNP-2-p12T was first 
tested using the parental samples Wodjil and P28212. Since the molecular weight of the two 
alleles were found to differ by only 9.01 Da, all samples tested were separately extended for 
each allele to ensure that unambiguous results were obtained. For the MALDI-ToF MS analysis 
of Wodjil, complete extension of the template with ddATP to form a 5499 Da product was 
observed (Figure 6.7 B). In the presence of ddTTP (Figure 6.7A), no extension was observed.  
Extension  of  the  P28212  allele  using  primer  SNP-2-p12T  to  a  5490  Da  product  was  also 
confirmed, although the primer was not totally consumed, as evidenced by the presence of the 
primer peak at 5202 Da (Figure 6.8).  
 
 
 
 
  CMV 
Status  
Genotyping  
Primer MWt (Da) 
Position 
(bp) 
Extended 
Base 
Base  
MWt (Da) 
Total MWt  
of product (Da) 
Wodjil  R  SNP-2-p12T  5202.475  430  ddATP  297.21  5499.685 
P28212  S  SNP-2-p12T  5202.475  430  ddTTP  288.20  5490.675 
Wodjil  R  SNP-3-p12C  4961.295  267  ddTTP  288.20  5249.495 
P28212  S  SNP-3-p12C  4961.295  267  ddGTP  313.21  5274.505   143 
 
 
 
A 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
Figure 6.7: Mass spectra of the SNuPE assay for genotyping the A
430→T mutation observed for L. luteus 
cv Wodjil. Spectrum A: SNuPE in the presence of ddTTP. Spectrum B: SNuPE in the presence of 
ddATP. No extension was observed in the presence of ddTTP while complete extension for the resistance 
allele was observed in the presence of ddATP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8: Mass spectra of the SNuPE assay for genotyping the A
430→T mutation observed for L. luteus 
cv P28212. SNuPE resulted in the extension of a single ddTTP to form a 5490 Da product. Due to 
incomplete extension a primer peak is also observed at 5202 Da. 
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6.3.6 Validation of the SNuPE assay for mutation A
430→T  
 
Bulked samples from two F2 populations, segregating for CMV resistance, Wodjil/P28212 and 
Wodjil/P28213, were genotyped for the A
430→T mutation using the SNuPE assay. Five samples, 
determined  to  be  homozygous  resistant  and  homozygous  susceptible  for  CMV  at  the  F3 
generation (Chapter 3), were pooled for testing from each population. Each member of the pool 
was  also  individually  genotyped  for  the  A
430→T  mutation.  Unlike  the  susceptible  cultivar 
P28212, both alleles of the A
430→T polymorphism were extended in the P28213 susceptible 
line.  No  correlation  between  the  genotypes  for  the  A
430→T  SNuPE  assay  and  the  CMV 
resistance phenotype was observed (Table 6.3).  
 
Table 6.3 L. luteus lines used to validate the A
430→T SNuPE assay and their genotype. Lines which are 
homozygous resistant, and homozygous susceptible for CMV are denoted with an R and S respectively.  
 
L.luteus line  CMV 
Phenotype 
A430 
allele 
  L.luteus line  CMV 
Phenotype 
A430 
allele 
Wodjil  R  A    Wodjil  R  A 
P28212  S  T    P28213  S  A,T 
W12-Bulk R  R  A,T    W13-Bulk R  R  A,T 
W12-Bulk S  S  A,T    W13-Bulk S  S  A,T 
W12R-13  R  A    W13R-1  R  A,T 
W12R-23  R  A    W13R-8  R  A,T 
W12R-25  R  A,T    W13R-9  R  A,T 
W12R-40  R  A,T    W13R-12  R  A,T 
W12R-48  R  A,T    W13R-18  R  A,T 
W12S-16  S  A,T    W13S-15  S  A,T 
W12S-24  S  A,T    W13S-16  S  A,T 
W12S-34  S  A,T    W13S-19  S  A,T 
W12S-36  S  A,T    W13S-21  S  A,T 
W12S-50  S  A,T    W13S-45  S  A,T 
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6.3.7 SNuPE for mutation A
267→C 
 
The  SNuPE  assay  for  the  A
267→C  mutation  was  verified  using  primer  SNP-3-p12C  by 
extension on the parental samples Wodjil and P28212. Genotyping primers were designed to the 
extend using the reverse strand as this resulted in optimal amplification as well as a greater 
difference between allele sizing. As the molecular weight of the two alleles differed by 25.01 
Da, it was possible to incorporate the terminal ddNTPs for both alleles in a single SNuPE assay. 
Following  MALDI-ToF  MS  analysis  of  Wodjil,  an  extension  product  5249  Da  was  easily 
detected (Primer + ddTTP)(Figure 6.9A). SNuPE analysis of P28212 using primer SNP-3-p12C 
resulted in the extension of a product of the expected size of 5274 Da (Primer + ddGTP)(Figure 
6.9B).  The  difference  in  mass  of  each  extension  product  allowed  both  peaks  to  be  clearly 
observed when analyzing samples which were heterozygous for the A
267→C mutation (Figure 
6.9C). 
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Figure 6.9: Mass spectra of the SNuPE assay for genotyping the A
267→C mutation observed between 
 L. luteus cv Wodjil and P28212. Spectrum A: Wodjil, product extended by a single ddTTP, Spectrum B: 
P28212, product extended by a single ddGTP, Spectrum C. Heterozygous sample 
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6.3.8 Validation of the SNuPE assay for mutation A
267→C 
 
The SNuPE assay for genotyping of the A
267→C mutation was validated using bulked samples 
from two F2 populations, Wodjil/P28212 and Wodjil/P28213, segregating for CMV resistance. 
Five samples, determined to be homozygous resistant and homozygous susceptible for CMV at 
the F3 generation (Chapter 3), as used for the validation of the A
430→T SNuPE assay, were 
pooled  for  testing  from  each  population.  Each  member  of  the  pool  was  also  individually 
genotyped for the A
267→C mutation. Both P28212 and P28213 were homozygous for the G 
allele while Wodjil was homozygous for the T allele. The distribution of the genotypes are 
presented in Table 6.4. 
 
Although the two different alleles of the A
267→C SNuPE assay were clearly extended in the 
parental samples, indicating that each parent was homozygous for that genotype, genotyping of 
the resistant and susceptible bulks from the Wodjil/P28212 population produced a heterozygous 
result. In both the resistant bulked sample and the susceptible bulked sample, the intensity of the 
peak  height  corresponding  to  that  of  the  expected  extension  product  was  observed  to  be 
markedly higher than that of alternative product (data not shown). Examination of the spectra 
for  the  individuals  comprising  the  bulk  revealed  that  one  sample,  W12R-40,  produced  a 
heterozygous  genotype  (Table  6.4).  The  presence  of  a  heterozygous  genotype  within  a 
phenotypically based homozygous bulk was also observed in the susceptible bulked sample, 
with two individual displaying both the T and G alleles (Table 6.4).  
 
In the Wodjil/P28213 population, the resistant bulked sample was found to be homozygous for 
the resistant allele. However, the susceptible bulked sample was observed to carry both alleles, 
although, as in the case of the Wodjil/P28212 population, the intensity of the peak height for the 
expected allele was markedly higher than that of the alternative allele (data not shown). A single   148 
individual, W13S-16 was found to be responsible for the additional extension product. Five 
individuals from the P28213 X Wodjil population, which were determined to be heterozygous 
by phenotyping, were also genotyped to validate the ability if the A
267→C SNuPE assay to 
detect  heterozygotes.  All  five  genotypes  were  found  to  correlate  with  the  heterozygous 
phenotype. Additional L. luteus lines, susceptible to CMV, were also genotyped to examine the 
linkage of the A
267→C mutation to disease resistance. Four of the five lines tested were found to 
be homozygous for the G allele carried by P28212 and P28213. Only a single line, P23293, was 
identified not to be homozygous for the G allele, instead appearing to carry both alleles. 
 
Table 6.4: L. luteus lines used to validate the A
267→C SNuPE assay and their genotypes.  *As a SNuPE 
primer targeted to the reverse stand was most optimal at this location, the assay is denoted using the 
complementary nucleotide, that is the mutation corresponds to a T
267→G. Lines which are homozygous 
resistant, and homozygous susceptible for CMV are denoted with an R and S respectively. 
1Individuals 
were scored to be heterozygous for CMV resistance based on phenotyping of F3 families where necrotic 
lesions were observed on 25%-75% of family members (See Chapter 3.) 
 
L.luteus line  CMV 
Phenotype 
A267* 
allele 
  L.luteus line  CMV 
Phenotype 
A267* 
allele 
Wodjil  R  T    Wodjil  R  T 
P28212  S  G    P28213  S  G 
W12-Bulk R  R  T,G    W13-Bulk R  R  T 
W12-Bulk S  S  T,G    W13-Bulk S  S  T,G 
W12R-13  R  T    W13R-1  R  T 
W12R-23  R  T    W13R-8  R  T 
W12R-25  R  T    W13R-9  R  T 
W12R-40  R  T,G    W13R-12  R  T 
W12R-48  R  T    W13R-18  R  T 
W12S-16  S  G    W13S-15  S  G 
W12S-24  S  G    W13S-16  S  T,G 
W12S-34  S  T,G    W13S-19  S  G 
W12S-36  S  T,G    W13S-21  S  G 
W12S-50  S  T    W13S-45  S  G 
P20873  S  G    W13H-10  Het
1  T,G 
P23293  S  T,G    W13H-11  Het
1  T,G 
P27858  S  G    W13H-17  Het
1  T,G 
P27850  S  G    W13H-24  Het
1  T,G 
p28216  S  G    W13H-38  Het
1  T,G 
 
 
 
To explain the allele distribution observed in the SNuPe assays, the F3 families of each of the 
F2 individuals tested was examined for disease scoring ambiguity. All F2 individuals of the   149 
Wodjil X P28213 population which were determined to be CMV resistant using the A
267→C 
assay, were found to consist of F3 families in which all members were unambiguously scored, 
using the presence of necrotic lesions, to be CMV resistant. Of the samples scored to be CMV 
susceptible, all samples were found to have been unambiguously scored to be susceptible on the 
absence of necrotic lesions but were not conclusively identified to be susceptible based on 
ELISA data. A low virus titre was observed in between 10 to 30 percent of F3 individuals in all 
5 samples. Sample W13S-16 was found to have the both resistant and susceptible allele. A 
single F3 individual which had a virus titre comparative to that of the negative controls was 
identified to be the likely cause of the mixed amplification. An F3 individual of negative virus 
titre was also observed in sample W13S-45 which was determined to have the allele associated 
with CMV susceptibility. As the spectra generated by W13S-45 corresponded to the susceptible 
‘G’ A267 allele, it appears likely that the negative viral titre of the F3 individual was due to 
infection escape.  
 
Of  the  F2  individuals  tested  from  the  Wodjil  X  P28212  population,  all  lines  scored  CMV 
resistant using the A
267→C assay were unambiguously determined to be resistant based on the 
presence of necrotic lesions. However, sample W12R-40 which was phenotyped to be CMV 
resistant, was observed to carry both the parental alleles. Examination of the F3 family of this 
sample revealed that only seven individuals were available for analysis raising the possibility of 
mis-scoring due to a small sample size. Of the samples scored to be CMV susceptible, all 
samples were found to have been unambiguously scored to be susceptible on the absence of 
necrotic lesions. As in the case of the Wodjil X P28213 population, disease scoring was not 
unambiguously matched with ELISA data. A low virus titre was also observed in between 10 to 
30 percent of F3 individuals in all 5 samples. Samples W12S-34 and W12S-36 were identified 
to carry both parental alleles. Two F3 individuals were found to possess low virus titres for 
W12S-34 while a single individual with low titre was observed at the F3 level for sample 
W12S-36.   150 
6.4 Discussion 
 
 
A major objective of breeding and marker assisted selection is the tagging and tracking of 
disease resistance genes. A range of techniques have been used to identify and isolate disease 
resistance  loci,  but  since  the  advent  of  molecular  technologies  and  the  discovery  of  the 
conserved nature of plant disease resistance genes, the use of resistance gene analogues (RGA) 
became an attractive method to isolate and identify resistance candidate sequences.  
 
Using the RGA targeted approach, this study has successfully identified a molecular marker 
potentially linked to CMV resistance in L. luteus. As reported in Chapter 5, two classes of RGA 
sequences, RGA1 and RGA2, were identified in L. luteus cv Wodjil which carries the CMV 
disease  resistance  gene  Ncm-1.  Primers  specific  for  each  class  were  designed  in  order  to 
examine  the  sequences  in  the  L.  luteus  susceptible  cultivar  P28212.  Sequence  alignment 
revealed that both classes of RGAs were identical in the resistant and susceptible lines. The 
copy  number  of  RGA  1  was  found  to  differ  between  Wodjil  and  P28212  and  additional 
sequence information was sought from RGA 1 in order to identify a polymorphism to use for 
marker development. Of the two non-synonymous mutations identified, the A
267→C assay was 
observed to be the most closely linked to the resistance phenotype. 
 
Of the virus disease resistance genes identified to date, RGA 1 is most similar to the N gene 
which confers resistance to Tobacco mosaic virus (TMV) as well as the RT4-4 which confers 
resistance to CMV in common bean (Chapter 5). Single amino acid substitutions within the 
TIR, NBS and LRR domains of the N gene were found to delay the appearance of a resistance 
response. Unlike the classic HR associated lesions, the delayed necrotic lesions did not restrict 
the virus spread to the site of infection (Dinesh-Kumar et al., 2000). Similarly, the substitution 
within the CC, NBS and LRR domains of RCY1, which confers resistance to the yellow strain 
of  CMV  in  Arabidopsis  thaliana  ecotype  C24,  also  compromised  resistance,  resulting  in  a   151 
differential induction of necrosis (Sekine et al., 2006). The similarity of RGA 1 to known virus 
resistance genes, and the identification of non synonymous substitutions in RGA 1 using cDNA 
based 5’RACE, suggests that RGA 1 is transcribed and putatively functional making, it an 
attractive target for marker association studies.  
 
Based on the two non-synonymous mutations identified in Rga1, the SNuPE assays developed 
were used to clearly distinguish between the parental alleles. Although all assays were found to 
unambiguously call alleles, a small number of SNuPE assays were observed to be incompletely 
extended. Extension conditions, together with the age and concentrations of reagents have been 
attributed to affect the completeness of  SNuPE primer extension (Paris et al.,2003). As the 
assays were higly specific the presence of primer peaks did not effect the discrimination of 
alleles. 
 
SNuPE  analysis of bulked samples based on phenotypic analysis of F3 individuals, produced 
heterozygous  results  indicating  that  a  misclassification  of  individual  samples  may  have 
occurred.  Comparison  of  the  ELISA  data  and  the  phenotypic  scoring  revealed  that 
misclassification was most commonly a result of individuals for which the virus titre was low 
and that were observed not to exhibit necrotic lesions. The presence of a small number of these 
individuals in an F3 family, is the most probable reason for misclassification of a heterozygous 
sample. For the A267 assay, all individuals where phenotype and expected genotype did not co-
incide  were  found  to  include  F3  family  members  whose  ELIZA  titre  did  not  reflect  the 
phenotypic score assigned. In the case of CMV resistant F2 individuals, small numbers of F3 
family members were found to have low viral titres while for CMV susceptible F2 individuals, 
low numbers of F3 family members were observed to have no viral titre. Interestingly, one F2 
individual, W13S-45, although genotyped to have the susceptible ‘G’ A267 allele, was found to 
contain one F3 family member without any sign of viral infection (viral titre equal to that of 
negative/background). The lack of infection for an individual typed to be susceptible, despite   152 
repeated viral challenges, suggests that an infection escape may have occurred. As plant age 
also impacts on disease susceptibility (Agrios, 2005), the likelihood of infection is decreased 
with each subsequent viral challenge.  
 
The ambiguity observed between the phenotypic scoring and the genotypic analysis of samples 
used for marker association highlights the need for accurate phenotyping data for use in linkage 
studies. Although CMV resistance is based on the appearance of necrotic lesions, symptoms of 
virus diseases can be difficult to distinguish from unrelated physiological conditions (Gomez et 
al.,  2009).  Additional  non  genetic  factors  (see  chapter  3),  including  inoculum  dosage,  can 
influence  the  manifestation  of  resistance,  leading  to  inaccurate  estimations  of  disease 
segregation in a population. As it was not possible to quantify the levels of inoculum dosage 
during infection, the low virus titre obtained by ELISA may reflect of the variation of infection 
pressure experienced by individual plants. An abundance of plants at the F3 generation is also 
required  to  give  accurate  representation  of  the  trait  in  question  (Basu  et  al.,  2007).  Virus 
challenge using more of F3 individuals should provide a more accurate phenotype of disease 
resistance. The genotyping of a larger, more accurately phenotyped F3 population would assist 
in the further validation of the developed SNuPE markers. 
 
RGAs have been shown to be closely linked or co-located with resistance genes in various plant 
species (Ashfield et al., 2003; Deng et al., 2000; Leister et al., 1996). Their use in the mapping 
of resistance loci has been demonstrated not only in practical applications (Huettel et al., 2002; 
Xu et al., 2005), but also in silico, with the in silico mapping of RGAs to rice chromosomes 
(Kumar et al., 2007). RGAs are better than other arbitrary DNA marker systems because they 
may represent potentially functional genes. Where RGAs can be matched to ESTs, in particular 
to ESTs obtained under infectious conditions, as in the study by Palomino et al (2008), the 
likelihood of functionality is further highlighted. RGAs have also been used successfully to 
identify non-specifically upregulated R genes. RGAs isolated in P. vulgaris, following virus   153 
challenge with a reporter Bean dwarf mosaic virus, were examined to identify virus R genes 
(Seo et al., 2006). The R gene isolated, RT4-4, was found not to confer resistance to the reporter 
virus used but to a number of strains of CMV from pepper and tomato.  
 
Although the two non-synonymous mutations identified in Rga 1 were only 164 bp apart, no co-
segregation was observed between the marker assays developed. RGAs are most commonly 
identified using primers based on conserved and in the case the LRR domain, repetitive regions. 
As developed by Kanazin and colleagues (1996), the primers used in this study targeted the P-
loop and transmembrane domains of R genes which includes LRR domains. It is likely that 
Rga1 is member of a repetitive gene sequence or gene family and therefore the polymorphisms 
observed within Rga1 do not co-segregate. 
 
With the increasing number of genes identified and the power of Next Generation sequencing 
technologies, new methods of rapid, cost effective, accurate and multiplex ready methods of 
genotyping  will  be  required  to  track  numerous  desirable  traits.  In  rice,  MALDI-TOF  mass 
spectrometry has recently been demonstrated to detect simultaneously eight polymorphisms in a 
single reaction (Masouleh et al., 2009). Correlation between the uniplex and multiplex assays 
were found to be approximately 98% with multiplex reactions completed in a final volume of 
only  5l  (Masouleh  et  al.,  2009).  It  has  been  suggested  that  as  many  as  40  SNPs  can  be 
multiplexed together using in a single reaction (Sequenom, 2006). As up to ten 384 well plates 
could be analysed on the platform per day, a potential 153,000 SNPs can be examined making 
markers developed for MALDI-TOF analysis a powerful tool in SNP genotyping. In this study, 
the  MALDI-TOF  based  assay  of  SNPs  was  established  for  assaying  variation  in  an  RGA 
identified from L. luteus. This marker system represents the first application to lupins and was 
found to be reproducible. With the advent of robotic tools suitable for large scale MALDI-TOF 
sample preparation and increasing availability of sequence information on orphan legume crops   154 
such  as  yellow  lupin  (Varshney  et  al.,  2009),  the  MALDI-TOF  approach  is  an  efficient 
technique for multiplexing SNP based markers in lupins.    155 
7. General discussion 
 
The CMV disease resistance gene Ncm-1, identified in L .luteus, was studied in this thesis to 
investigate the genetics of host resistance in order to develop a molecular marker linked to  
Ncm-1for use in marker assisted selection in lupin breeding. The key outcomes of this work are 
described below. 
 
7.1 Disease resistance pathway 
 
In  the  induction  of  plant  defence  against  virus  infection,  a  number  of  mechanisms  can  be 
activated. RNA silencing, an intrinsic component of plant defence,  is activated by dsRNA, and 
involves the action of virus sequence derived small interfering RNA (siRNA) which act as 
guides for the RNA induced silencing complex (RISC)  to inactivate mRNA in a sequence 
specific manner (Ding and Voinnet, 2007). To combat this mechanism of host defence, virus 
suppressors of RNA silencing (VSR) which can target specific points in the RNA silencing 
pathway (Figure 7.1), are deployed by viruses to prevent RNAi and promote infection (Ruiz-
Ferrer  and  Voinnet,  2009).  The  2b  protein  of  CMV,  encoded  by  ORF  2  of  RNA  2  and 
synthesized by the translation of subgenomic mRNA RNA 4A (Ding et al., 1994) has been 
identified as a suppressor of RNA silencing (Brigneti et al., 1998). CMV 2b is multifunctional 
and can act to inhibit siRNA by directly interacting with the ARGO1 protein, blocking its 
cleavage activity (Zhang et al., 2006). The 2b protein also influences virus movement (Lewsey 
et al., 2009)and acts on components of salicylic acid mediated resistance (Diaz-Pendon et al., 
2007; Ji and Ding, 2001; Lewsey et al., 2010). In the presence of a complementary R-gene, 
virus infection triggers a cascade of host defences which, in the case of the Ncm-1 gene studied 
here, results in a hypersensitive response. The initiation of the hypersensitive response and the 
resulting formation of necrotic lesions, activates a set of well characterised defence responses   156 
which  includes  the  accumulation  of  antimicrobial  compounds,  the  production  of  reactive 
oxygen species and the induction of defence related genes (Hammond-Kosack and Jones, 1996). 
 
Comparative analysis of the 2b protein between different strains of CMV by Ye and colleagues 
(2009)  identified  a  number  of  highly  conserved  domains  together  with two highly  variable 
regions. The suppressor activity of a strain of CMV subgroup IB (SD-CMV), was found to be 
stronger than that of a strain of CMV subgroup II (Q-CMV) where a critical domain influencing 
suppressor activity was absent. Structural motifs, previously identified to be responsible for the 
suppressor activity of CMV 2b, such as the nuclear localisation signal (NSL)(Lucy et al., 2000) 
and an amino acid change just external of the NSL (Goto et al., 2007) were conserved between 
subgroups. It has been suggested that subgroup I strains are, in general more virulent than those 
of subgroup II (Zhang et al., 1994) and that the 2b gene is responsible for the differences in 
virulence between strains (Shi et al., 2002). The conservation of structurally important motifs in 
the 2b gene in CMV subgroups suggests that suppression of RNA silencing is functionally 
similar  and  ubiquitous  in  CMV  strains.  The  RNA  silencing-virus  suppression  of  silencing 
interaction is probably a relatively ancient phenomenon (Millar and Waterhouse, 2005) and it 
seems reasonable that a more dynamic and flexible set of host resistance genes evolved to keep 
in step with the rapid evolution of viruses. This additional host resistance can be viewed as co-
habiting the same plant cells as the RNA silencing process. 
 
Work in this thesis indicates that for Ncm-1 mediated resistance to CMV, a R protein directed 
resistance  pathway  is  activated  on  infection. The activation  of  a  hypersensitive  response  is 
characteristic of the genetic reaction between an R gene and its corresponding effector or Avr 
gene  (Heath,  2000).  The  presence  of  necrotic  lesions  in  characterising  Ncm-1  mediated 
resistance to CMV strain SN (subgroup II) is consistent with the observations by Jones and 
Latham (1996) and supports the R gene mode of resistance.  The RNA silencing pathway for   157 
resistance,  highlighted  in  Figure  7.1,  is  therefore  unlikely  to  function  as  part  of  the  host 
response in this case. 
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Figure 7.1: Host mechanisms which may be activated following infection by CMV. Disease resistance 
mediated by the RNA silencing pathway is highlighted. RP – replicase protein; MP – movement protein; 
CP – coat protein.  
 
 
As  suggested  above,  the  role  of  RNA  silencing  in  resistance  is  not  necessarily  mutually 
exclusive from R protein mediated resistance. R gene mediated resistance, following the guard 
model of defence, relies on the monitoring or ‘guarding’ of specific host defence components or 
‘guardees’, which are the primary target of a pathogen’s virulence factor (Jones and Dangl, 
2006). In the case of effector triggered immunity, the status of the guardee is altered resulting in 
an R protein mediated host defence response. Fundamentally, VSRs are virulence factors, a 
number  of  which  are  known  to  trigger  R  gene  mediated  HR  (Jones  and  Dangl,  2006). 
Mutations,  which  compromise  the  suppression  of  RNA  silencing,  have  been  seen  to   158 
compromise the induction of HR (Li et al., 1999; Ren et al., 2000) and therefore it is possible 
that R genes operate to sense the damage to host antiviral silencing components by VSRs (Ding 
and Voinnet, 2007; Ruiz-Ferrer and Voinnet, 2009). In Arabidopsis, the CMV 2b has been 
identified to be a VSR which inhibits allele specific Argonaute 1 cleavage activity (Zhang et al., 
2006). If R genes function to sense VSR induced damage, it is possible that VSRs such as the 
CMV 2b, act to modify effectors of antiviral silencing, such as AGO1, to illicit a defence 
response according to the pathway highlighted in Figure 7.2. The specific nature of the 2b 
suppression of host defence suggests a role for VSRs in the specificity of virus susceptibility in 
different plant ecotypes and species (Ding and Voinnet, 2007), possibly explaining the strain 
specificity observed for Ncm-1 by Jones et al (1996) and the mechanisms required for Ncm-1 
mediated resistance. 
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Figure  7.2  :  Possible  model  for  Ncm-1  mediated  resistance  in  L.luteus.  R-gene  activation  may  be 
dependent on VSRs, such as CMV 2b, in certain plant ecotypes. Effectors of antiviral silencing (eg 
ARGO1) are modified by VSRs to elicit an R-gene response (highlighted). The standard guard model is 
presented below the highlighted model (see literature review for detailed explanation).  
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7.2 Single gene hypothesis for CMV resistance 
 
The  mechanism  underlying  virus  resistance  in  plants  is  predominantly  monogenic,  with 
approximately 80% of resistance reported to be the result of single R genes. Of these, only a 
little more than half are inherited dominantly (Kang et al., 2005). In virus diseases prevalent in 
the temperate climates, CMV has the broadest host range, with > 800 plant species susceptible 
to  CMV  worldwide  (Palukaitis  et  al.,  1992).  Despite  the  significance  of  CMV,  single, 
dominantly  inherited  disease  resistance  genes  to  CMV  are  uncommon.  The  RCY  gene  in 
Arabidopsis (Takahashi et al., 2001), the Cmr gene in tomato (Stamova and Chetelat, 2000) and 
the  Cmr1  gene  in  peppers  (Kang  et  al.,  2010)  are  the  only  known  single  dominant  CMV 
resistance genes identified so far. An additional CMV R gene, RT4-4, has also been identified in 
common  bean  (Seo  et  al.,  2006).  Unlike  the  previously  noted  CMV  R  genes,  RT4-4  was 
identified as being up-regulated in response to infection by another virus pathogen (BDMV) and 
functions to provide resistance against CMV strains from tomato and pepper. Work in this 
thesis (Chapter 3) has shown that although a single gene dominant gene Ncm-1, was proposed to 
be the source of CMV resistance in L. luteus (cv Wodjil) (Jones and Latham, 1996), resistance 
is in fact the result of a major dominant gene Ncm-1 modified by at least one other gene. A 
more complex nature of CMV resistance has been reported previously for a number of species 
in which the manifestation of resistance was influenced by several environmental factors as 
discussed in Chapter 3. Difficulties in correlating phenotypic resistance and ELISA titre has 
been  reported  in  tomato  where  a  dominant  resistant  gene  Cmr  was  introgressed  from 
Lycopersicon chilense.(Stamova and Chetelat, 2000). Resistance was determined to be a form 
of  tolerance  rather  than  immunity  highlighting  the  complex  genetic  determinants  of  CMV 
resistance. 
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In comparison to other viruses where recessive resistance only constitutes ~20% of R genes, 
recessive resistance is over represented in potyviruses. Half of the virus R genes found for 
potyviruses  resistance  appear  to  behave  in  a  recessive  manner  (Provvidenti  and  Hampton, 
1992). Recessive CMV resistance genes have been identified in Arabidopsis, and are thought to 
be linked to inefficient transport of viral RNAs for the production of virus movement proteins 
(Yoshii et al., 2004). In general most agronomic traits do not segregate as defined qualitative 
monogenic genes but are controlled as quantitative, polygenic traits (Maule et al., 2007). A 
number of QTLs for CMV resistance have been identified in pepper  (Caranta et al., 1997; 
Caranta et al., 2002; Chaim et al., 2001). The majority of QTL analysis depends on scoring 
based on gross symptomatic effects, however, where resistance is not clearly monogenically 
inherited, the evaluation of component systems can also be of value (Maule et al., 2007). Djian-
Caporalino  and  colleagues  (2006)  found  that  in  assessing  CMV  resistance  in  peppers,  a 
reduction in virus multiplication, delays in vascular movement and restricted establishment of 
cellular infection, while individually only produced minor delays in plant infection, conferred 
near resistance to CMV when combined.  Based on the work in this thesis and the variable 
nature  of  CMV  resistance  genes  identified,  it  is  likely  that  Ncm-1  in  L.luteus  is  a  major 
dominant R gene for CMV, functioning in a gene-for-gene manner with at least one minor 
modifier acting via alternate pathways produce complete resistance.  
 
7.3 AFLP fragments linked to CMV resistance 
 
Using the Wodjil X P28213 population, a number of genomic fragments associated with CMV 
resistance have been identified here. Because there was no lupin-based genetic maps, or any 
sequence information available when this project started, AFLPs were determined to be the best 
source of novel marker information. Evaluation of the CMV resistance phenotype indicated that 
Ncm-1 based resistance was more complex in nature than the initially proposed single dominant 
gene system and therefore marker linkage was determined using both the phenotypic resistance   161 
score, using MAPMAKER 3.0, as well as the virus titre values, using MapManager QTX 20b. 
Although there was consensus between the two analysis methods, two of the four most closely 
associated markers did not coincide within the linkage parameters. Genetic distance between the 
Ncm-1 resistance locus and the associated AFLP fragments also varied between the analysis 
methods and is most likely a result of the small population size (n=50) which is a limitation of 
this  study.  Five  other  agronomic  traits  were  also  phenotyped  for  use  in  AFLP  analysis.  A 
number of AFLP fragments linked to three of these traits (low alkaloids, pod shattering, flower 
colour) were identified. Low alkaloid content was found to be associated with CMV resistance. 
As the genetic distance between the trait loci and the polymorphic AFLP fragments was greater 
than 20cM and the development markers linked to these traits were deemed to be of lower 
priority, further studies was not undertaken on these characters. 
 
Resistance to CMV in the majority of plant species is described as recessive or polygenic and 
the  complex  genetic  inheritance  of  CMV  resistance  in  L.luteus,  identified  in  Chapter  3,  is 
highlighted  by  the  QTL  analysis  using  virus  titre  in  association  with  the  AFLPs.  The 
identification of a second minor QTL peak, adjacent to the main QTL associated with CMV 
resistance suggests that genetic factors exist to modify the CMV resistance phenotype. The 
polygenic nature of CMV resistance has been identified in a number of species, with particular 
association  with  resistance  via  restriction  to  long  distance  movement.  CMV  resistance  in 
peppers has been identified by Caranta et al (2002) to be the result of one major QTL effect 
together with six additional minor QTL effects. Similar QTL effects have been reported in 
tomato (Stamova and Chetelat, 2000) and potato (Valkonen and Watanabe, 1999). In melon 
CMV resistance is further complicated by being oligogenic in nature but monogenic, that is 
governed by independent loci, for individual strains (Essafi et al., 2009). It is evident from the 
phenotypic analysis and the QTL association analysis in this thesis that CMV in L. luteus is not 
just simply inherited. The identification of the additional QTL associated with CMV resistance 
in this thesis provides a framework to locate other genes R genes required for CMV resistance.   162 
7.4 Resistance gene analogues homologous to disease resistance genes  
 
 
The association of resistance gene analogues with disease resistance genes and their use as 
molecular markers has been well documented in number of plant species against a wide range of 
plant pathogens (for review see Khan, 2009). In this study, six RGAs were identified in L. 
luteus. Five of these were found to contain uninterrupted open reading frames (ORF). Based on 
comparative analysis, the lupin RGAs identified were separated into two classes. Both classes 
of lupin RGAs were found to contain functional motifs common to the TIR-NBS-LRR class of 
RGAs. Comparative analysis with the model legume  Medicago truncatula revealed that the 
lupin RGAs were homologous to regions in chromosome 3 and 6 which were identified to 
contain superclusters of RGAs (Ameline-Torregrosa et al., 2008). Interestingly, the homologous 
region on Medicago chromosome 3 was also found to map to regions in Glycine max containing 
known R gene loci. Of the two CMV resistance genes isolated and characterised to date, the 
lupin RGAs are most similar to the RT4-4 gene for resistance to CMV in Phaseolus vulgaris 
which is a member of the TIR-NBS-LRR class of R genes. RCY-1, the CMV resistance gene 
isolated from Arabidopsis, was observed to cluster together with other virus R genes of the CC-
NBS-TIR subclass of which it is also a member (Chapter 5). RGAs can be considered to be 
fragments  of  R  genes  if  the  following  criteria  are  fulfilled  (1)  the  presence  high  sequence 
identity with known R genes and RGAs from other species, (2) the presence of  conserved 
motifs characteristic of NBS-LRR R genes and (3) an uninterrupted ORF(Noir et al., 2001). 
Therefore, markers developed using RGAs have the potential to be ‘perfect’ markers and would 
be a useful resource for the isolation of functional R genes. Both classes of lupin RGAs can be 
considered to fulfil the above criteria and thus are suitable candidates for marker development. 
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7.5 SNuPE assay development for MAS  
 
For  traits  where  conventional  phenotypic  selection  is  difficult  due  to  low  penetration  or 
complex inheritance, MAS is an important tool in plant breeding (Xu and Crouch, 2008). CMV 
infection  can  impact  detrimentally  on  successive  generations  and  thus  MAS  is  particularly 
useful in facilitating the incorporation of resistance into novel genetic backgrounds. To this end, 
a SNuPE marker was developed in this study using RGA1 to track the CMV resistance gene 
Ncm-1.  Two  SNPs,  which  resulted  in  non-synonymous  substitutions,  were  identified  from 
sequences upstream of the original RGA using cDNA templates to ensure protein transcription. 
Validation of the SNuPE assays using phenotypically selected homozygous pools identified a 
small  number  of  misclassified  individuals.  The  resistance  status  of  these  individuals  was 
clarified on examination of ELISA data and reflects the complex nature of CMV resistance as 
reported in Chapter 3 of this thesis. Of the two assays developed, the A
267→C SNuPE assay was 
found to segregate most closely with CMV resistance. Although located 164bp apart, the two 
assays were found to not co-segregate. As R genes and RGAs contain conserved and repetitive 
motifs and R genes are commonly clustered in nature, it is likely that the RGA identified here is 
a repetitive gene family (Hubert et al., 2001). This assay represents the first of its type in yellow 
lupins and is a robust and accurate co-dominant marker system.  
 
7.6 Conclusions 
 
With the prevalence and seed borne nature of CMV in L. luteus, the results of this study will 
have important implications in the characterisation of CMV resistance and for yellow lupin 
breeding in Australia. In the context of other related virus R genes, the information gained in 
this thesis is indicated in Figure 7.3. The research showed that CMV resistance in L. luteus is 
more  complex  than  initially  proposed.  Although  a  single  gene  dominant  gene  Ncm-1,  was   164 
considered to be the source of CMV resistance in L. luteus (cv Wodjil) (Jones and Latham, 
1996), resistance is the result of a major dominant gene Ncm-1 modified by at least one other 
gene. The identification of AFLP fragments linked to CMV resistance provides a framework for 
identifying the candidate resistance gene in L. luteus. With the availability of model legume 
resources, this AFLP framework will facilitate the mapping of the L. luteus genome providing 
an important resource for the study of other important agronomic traits. This research has also 
identified two classes of TIR-NBS-LRR RGAs from L. luteus. With the association of RGAs to 
disease loci, the identification of these RGAs provides an important resource in the search for 
disease resistance genes. It is possible that the RGAs isolated can be directly used in the cloning 
of Ncm-1 or other yet to be identified resistance genes.  Finally, the development of a SNuPE 
assay linked to CMV resistance will allow breeders to track CMV resistance within a population 
using  MAS  and  to  accelerate  the  incorporation  of  Ncm-1  in  the  yellow  lupin  breeding 
programme.  As  the  MALDI-TOF  platform  for  the  SNuPE  assay  is  also  suitable  for 
multiplexing, additional traits, as they become available, can be incorporated into the assay, 
providing a simple multiple genotyping ‘chip’.  
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Figure 7.3 : Overview of the resistance network of Ncm-1 in L. luteus as compared to other closely related 
viral R genes.  
 
7.7 Future directions 
 
The work in this thesis has established the complex and polygenic nature of CMV resistance in 
L.luteus. The exact nature of resistance is still to be elucidated completely and further infectivity 
studies combined with QTL analysis on larger populations is required to clarify the genetic 
components involved. A framework AFLP marker set associated with CMV has been identified 
in this study. With the availability of model species, and the recent completion of a detailed L. 
angustifolius map (Nelson et al., 2010), high density mapping of the CMV locus in L.luteus can 
be  achieved  and  the  true  distance  of  the  linked  AFLP  markers  identified  in  this  study 
determined. This would then enable the identification of all the genetic determinants involved in 
CMV resistance in L. luteus and also provide a valuable resource for other association studies.   166 
The mapping of the RGAs identified here, in a larger population, is also required to determine 
their true trait association. As RGAs are abundant in the genome and well conserved with R 
genes, it is possible that resistance traits other than CMV resistance may be finally attributed to 
some these RGAs. 
 
The power of MAS in plant breeding is based on effective marker - trait association and this 
must  be  validated  in  representative  parental  lines,  breeding  populations  and  phenotypic 
extremes  before  being  widely  adopted  (Xu  and  Crouch,  2008).  This  process  has  been 
established in this study, however validation of the SNuPE marker developed here, in a larger 
segregating  population,  would  confirm  its  linkage  to  CMV  resistance  and  determine  its 
application in a wider genetic pool. Functional studies are required to determine the validity of 
the RGAs identified in this study as candidate CMV resistance proteins and to investigate the 
mechanism of CMV resistance. RGAs have been used successfully in expression studies in 
cucumber and variations in their expression were observed following treatment with abiotic 
stimuli and infection with P. cubensis (Wan et al., 2010). Expression studies using the RGAs 
identified here would result in a better understanding of the mechanisms of CMV resistance in 
L. luteus and provide an insight into the signalling pathways involved. 
 
RGAs have been shown to be linked to resistance gene loci and thus are frequently used as 
candidates  for  R  gene  isolation.  The  cloning  of  functional  R  genes  using  RGAs  has  been 
successfully demonstrated in wheat with the isolation of the Lr10 gene which confers resistance 
to leaf rust (Feuillet et al., 1997). The RGAs identified here warrant further sequence analysis to 
determine if they are indeed functional R genes. In the absence of genomic clones (ie BAC or 
YACs)  derived  from  yellow  lupins,  additional  sequence  information  can  be  obtained  using 
genome walking techniques. The isolation of a functional R gene would be an important tool for 
plant breeding, promoting further functional studies and facilitating the incorporation of CMV   167 
resistance  into  a  wider  pool  of  germplasm  using  conventional  and  transgenic  breeding 
techniques. 
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8. Appendix 
 
Table 8.1 ELISA values for F3 individuals from the Wodil X P28213 population. Each sample was 
carried out in duplicate and the averaged value is presented below. Necrotic lesion score is a visual score 
for the presence of the necrotic lesion, CMV resistant phenotype where 1=greater than 50% of the leaf 
surface of CMV inoculated leaves display necrotic lesions, 2=less than 50% of the leaf surface of CMV 
inoculated leaves display necrotic lesions, 0=no necrotic lesions observed. 
 
F3 Family 
number
Necrotic 
lesion score
ELISA value F3 Family 
number
Necrotic 
lesion score
ELISA value
1.1 1 0.031 6.1  1 0.028
1.2 1 0.030 6.2  1 0.030
1.3 1 0.030 6.3  0 0.034
1.4 1 0.032 6.4  1 0.037
1.5 1 0.038 6.5  1 0.031
1.6 1 0.039 6.6  2 0.032
1.7 1 0.029 Average 0.032
1.8 1 0.026 7.1  1 0.029
1.9 1 0.029 7.2  1 0.032
1.10 1 0.032 7.3  1 0.045
Average 0.031 7.4  1 0.049
2.1 0 0.220 Average 0.039
2.2 2 0.128 8.1  1 0.048
2.3 0 0.235 8.2  1 0.049
2.4 0 0.348 8.3  1 0.041
2.5 0 0.358 8.4  1 0.049
0.258 8.5  1 0.053
3.1  1 0.038 8.6  1 0.053
3.2  1 0.057 8.7  1 0.050
3.3  1 0.039 8.8  1 0.047
3.4  0 0.079 8.9  1 0.044
3.5  1 0.038 8.10  1 0.045
3.6  1 0.054 Average 0.048
3.7  1 0.048 9.1  1 0.049
3.8  1 0.060 9.2  1 0.048
3.9  1 0.049 9.3  1 0.045
3.10  2 0.079 9.4  1 0.043
3.11  1 0.058 9.5  1 0.044
3.12  1 0.069 9.6  1 0.046
Average 0.056 9.7  1 0.049
4.1  1 0.031 9.8  1 0.050
4.2  2 0.122 9.9  1 0.043
4.3  2 0.128 9.10  1 0.043
4.4  0 0.180 Average 0.046
4.5  1 0.036 10.1  1 0.055
4.6  1 0.042 10.2  1 0.050
4.7  1 0.033 10.3  2 0.056
4.8  0 0.178 10.4  0 0.305
4.9  1 0.029 10.5  0 0.153
4.10  1 0.034 10.6  0 0.217
Average 0.081 Average 0.139
5.1  1 0.037
5.2  1 0.039
5.3  2 0.163
5.4  0 0.208
Average 0.112  
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Table 8.1 continued 
F3 Family 
number
Necrotic 
lesion score
ELISA value F3 Family 
number
Necrotic 
lesion score
ELISA value
11.1  1 0.030 17.1  0 0.227
11.2  1 0.037 17.2  0 0.150
11.3  1 0.033 17.3  1 0.042
11.4  1 0.036 17.4  1 0.043
11.5  0 0.220 17.5  1 0.042
11.6  1 0.032 17.6  1 0.047
11.7  1 0.031 17.7  1 0.043
11.8  1 0.041 17.8  1 0.043
11.9  0 0.185 17.9  1 0.042
11.10  1 0.036 Average 0.075
Average 0.068 18.1  1 0.042
12.1  1 0.027 18.2  1 0.043
12.2  1 0.034 18.3  1 0.041
12.3  1 0.035 18.4  1 0.045
12.4  1 0.031 18.5  1 0.049
12.5  1 0.042 18.6  1 0.042
12.6  1 0.034 18.7  1 0.037
12.7  1 0.029 18.8  1 0.039
12.8  1 0.031 18.9  1 0.036
12.9  1 0.027 18.10  1 0.042
12.10  1 0.034 18.11  1 0.054
12.11  1 0.041 18.12  1 0.038
12.12  1 0.031 Average 0.042
Average 0.033 19.1  0 0.408
13.1  0 0.041 19.2  0 0.215
13.2  0 0.031 19.3  2 0.088
13.3  0 0.039 19.4  0 0.249
13.4  0 0.031 19.5  0 0.279
13.5  0 0.033 19.6  0 0.338
13.6  2 0.221 Average 0.263
13.7  0 0.045 20.1  1 0.034
13.8  2 0.205 20.2  1 0.030
0.081 20.3  1 0.029
14.1  2 0.142 20.4  1 0.031
14.2  1 0.094 20.5  1 0.033
14.3  0 0.267 20.6  1 0.035
Average 0.168 20.7  1 0.033
15.1  0 0.365 20.8  1 0.025
15.2  0 0.211 20.9  1 0.025
15.3  0 0.338 20.10  1 0.026
15.4  0 0.160 20.11  1 0.028
15.5  2 0.145 20.12  1 0.028
15.6  0 0.408 Average 0.030
15.7  0 0.402 21.1  0 0.114
15.8  0 0.393 21.2  0 0.130
15.9  0 0.085 21.3  0 0.076
Average 0.279 21.4  0 0.089
16.1  0 0.289 21.5  0 0.143
16.2  0 0.193 21.6  0 0.184
16.3  0 0.289 21.7  0 0.250
16.4  0 0.237 21.8  0 0.091
16.5  2 0.052 Average 0.135
16.6  0 0.348
16.7  0 0.438
16.8  0 0.428
Average 0.284    170 
Table8.1 continued
F3 Family 
number
Necrotic 
lesion score
ELISA value F3 Family 
number
Necrotic 
lesion score
ELISA value
22.1  0 0.365 28.1  1 0.036
22.2  0 0.254 28.2  1 0.041
22.3  0 0.162 28.3  1 0.037
22.4  2 0.118 28.4  1 0.048
22.5  0 0.093 28.5  1 0.049
22.6  2 0.111 28.6  1 0.047
22.7  0 0.084 28.7  1 0.052
22.8  2 0.250 28.8  1 0.051
22.9  0 1.437 28.9  1 0.052
Average 0.319 28.10  1 0.051
23.1  0 0.128 28.11  1 0.053
23.2  2 0.048 28.12  1 0.049
23.3  1 0.051 Average 0.047
23.4  1 0.049 29.1  1 0.050
Average 0.069 29.2  1 0.050
24.1  1 0.030 29.3  1 0.053
24.2  1 0.038 29.4  1 0.052
24.3  2 0.034 29.5  1 0.054
24.4  1 0.032 29.6  1 0.055
24.5  0 0.240 29.7  1 0.052
24.6  1 0.031 29.8  1 0.053
24.7  1 0.043 Average 0.052
24.8  1 0.034 30.1  2 0.146
24.9  0 0.170 30.2  0 0.251
24.10  2 0.037 30.3  0 0.305
24.11  2 0.030 30.4  0 0.151
24.12  1 0.036 30.5  0 0.244
Average 0.063 30.6  1 0.074
25.1  2 0.130 30.7  0 0.348
25.2  0 0.241 30.8  0 0.346
25.3  0 0.243 30.9  2 0.067
25.4  0 0.260 30.10  2 0.137
Average 0.219 30.11  2 0.143
26.1  1 0.038 30.12  0 0.229
26.2  1 0.039 Average 0.203
26.3  2 0.237 31.1  0 0.144
26.4  0 0.141 31.2  0 0.156
26.5  1 0.044 31.3  0 0.257
26.6  0 0.145 31.4  0 0.321
26.7  1 0.035 Average 0.219
26.8  1 0.038 32.1  0 0.321
26.9  1 0.038 32.2  2 0.120
26.10  0 0.344 32.3  0 0.223
26.11  2 0.045 32.4  2 0.122
26.12  2 0.030 32.5  0 0.125
Average 0.098 Average 0.182
27.1  0 0.142 33.1  0 0.323
27.2  2 0.078 33.2  0 0.123
27.3  2 0.133 33.3  1 0.019
27.4  0 0.234 33.4  2 0.120
27.5  0 0.237 33.5  1 0.022
27.6  0 0.141 33.6  1 0.025
Average 0.161 33.7  2 0.021
Average 0.093  
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Table 8.1 continued 
F3 Family 
number
Necrotic 
lesion score
ELISA value F3 Family 
number
Necrotic 
lesion score
ELISA value
34.1  0 0.322 40.11  2 0.026
34.2   0 0.122 40.12  2 0.035
34.3  0 0.291 Average 0.0739
34.4  0 0.325 41.1  1 0.0265
34.5  0 0.324 41.2  0 0.153
Average 0.2768 41.3  1 0.028
35.1  1 0.018 41.4  2 0.048
35.2  1 0.026 41.5  1 0.0365
35.3  1 0.03 41.6  1 0.051
35.4  1 0.019 41.7  1 0.065
35.5  0 0.0165 41.8  0 0.217
35.6  1 0.021 Average 0.0781
35.7  2 0.0195 42.1  1 0.022
35.8  2 0.0245 42.2  1 0.025
Average 0.0218 42.3  0 0.128
36.1  1 0.017 42.4  2 0.03
36.2  0 0.224 42.5  2 0.032
36.3  1 0.0215 Average 0.0474
36.4  2 0.081 43.1  1 0.026
36.5  1 0.023 43.2  0 0.1285
36.6  1 0.027 43.3  0 0.129
Average 0.0656 43.4  2 0.022
37.1  1 0.015 43.5  0 0.324
37.2  1 0.022 43.6  1 0.02
37.3  1 0.019 43.7  1 0.028
37.4  1 0.0175 43.8  2 0.025
37.5  0 0.175 43.9  1 0.031
37.6  1 0.0175 43.10  1 0.03
37.7  1 0.017 43.11  2 0.035
Average 0.0404 43.12  1 0.026
38.1  0 0.126 Average 0.0687
38.2  1 0.0295 44.1  0 0.123
38.3  1 0.03 44.2  2 0.023
38.4  1 0.03 44.3  0 0.212
38.5  1 0.0255 44.4  1 0.0215
38.6  1 0.0295 44.5  1 0.025
38.7  1 0.0265 44.6  2 0.0315
38.8  1 0.027 44.7  2 0.023
38.9  0 0.224 44.8  1 0.019
38.10  1 0.026 44.9  1 0.021
38.11  1 0.025 44.10   0 0.22
38.12  1 0.026 44.11  1 0.022
Average 0.0521 44.12  2 0.032
39.1 1 0.025 Average 0.0644
Average 0.025 45.1  0 0.132
40.1  1 0.032 45.2  0 0.332
40.2  0 0.136 45.3  0 0.096
40.3  0 0.128 45.4  0 0.044
40.4  2 0.0245 45.5  0 0.317
40.5  2 0.0275 45.6  0 0.214
40.6  2 0.028 45.7  0 0.117
40.7  2 0.031 45.8  0 0.123
40.8  0 0.227 45.9  0 0.131
40.9  1 0.03 45.10  0 0.145
40.10  0 0.162 Average 0.1651
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Table 8.1 continued 
F3 Family 
number
Necrotic 
lesion score
ELISA value Subclover host
46.1 1 0.0175 P1 0.328
46.2 1 0.02 P2 0.221
Average 0.0188 P3 0.206
47.1  1 0.021 P4 0.264
47.2  0 0.161 P5 0.196
47.3  1 0.017 P6 0.334
47.4  0 0.2 P7 0.294
47.5  1 0.0215 P8 0.487
Average 0.0841 P9 0.368
48.1  1 0.0185 P10 0.225
48.2  1 0.0235 P11 0.324
48.3  1 0.017 P12 0.35
48.4  1 0.017 P13 0.294
48.5  1 0.0195 P14 0.362
Average 0.0191 Negative
49.1  1 0.021 N1 0.032
49.2  1 0.019 N2 0.044
49.3  2 0.027 N3 0.029
49.4  1 0.023 N4 0.035
49.5  2 0.044 N5 0.039
49.6  1 0.025 N6 0.063
49.7  1 0.021 N7 0.043
49.8  1 0.029 N8 0.042
49.9  1 0.025 N9 0.036
49.10  0 0.172 N10 0.029
49.11  1 0.023 N11 0.038
49.12  2 0.046 N12 0.031
Average 0.0396 N13 0.025
50.1  1 0.036 N14 0.027
50.2  1 0.031
50.3  1 0.025
50.4  1 0.037
50.5  1 0.037
50.6  1 0.031
50.7  1 0.041
50.8  1 0.032
Average 0.0338
Controls
Wodjil 1 1 0.0216
Wodjil 2 1 0.0347
Wodjil 3 1 0.0198
Wodjil 4 1 0.0301
Wodjil 5 1 0.0291
P28213-1 0 0.131
P28213-2 0 0.0961
P28213-3 0 0.176
P28213-4 0 0.2012
P28213-5 0 0.2561
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Table 8.2 Distribution of F2 individuals for the Wojil X P28213 population based on the scoring of F3 
progeny following CMV challenge. Scores were determined visually by observing the presence of 
necrotic lesions and quantitatively using ELISA. F2 individuals 39 and 46 were not scored because too 
few F3 progeny were recovered. Yellow highlights indicate lines that were reclassified based on the 
ELISA measurements.  
Visual scoring of % leaf area with necrotic 
lesions 
Post ELISA virus titres (Abs)  Too few 
0-25  25-50  50-75  75-100  >0.2 (S)  0.1-0.2 
(Het) 
<0.1 (R)   
2 
15 
16 
19 
21 
31 
34 
45 
4 
5 
10 
13 
22 
23 
25 
26 
27 
30 
32 
33 
40 
41 
42 
43 
44 
3 
6 
11 
14 
17 
24 
35 
36 
37 
38 
47 
49 
 
1 
7 
8 
9 
12 
18 
20 
28 
29 
48 
50 
 
2 
15 
16 
19 
21 
31 
34 
45 
14 
22 
25 
27 
30 
32 
4 
5 
10 
11 
13 
17 
23 
24 
26 
30 
33 
36 
37 
38 
40 
41 
42 
43 
44 
47 
49 
 
1 
7 
8 
9 
12 
18 
20 
28 
29 
40 
50 
3 
6 
35 
39 
46 
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Table 8.3 ELISA values for F3 individuals from the Wodil X P28212 population. Each sample done in 
duplicate and the averaged value is presented below. Necrotic lesion score is a visual score for the 
presence of the necrotic lesion, CMV resistant phenotype where 1=greater than 50% of the leaf surface of 
CMV inoculated leaves display necrotic lesions, 2=less than 50% of the leaf surface of CMV inoculated 
leaves display necrotic lesions, 0=no necrotic lesions observed. 
F3 Family 
number
Necrotic 
lesion score
ELISA value F3 Family 
number
Necrotic 
lesion score
ELISA value
1.1 1 0.039 8.1 1 0.068
1.2 2 0.041 8.2 0 0.257
1.3 1 0.07 Average 0.163
1.4 1 0.046 9.1 1 0.064
1.5 1 0.045 9.2 2 0.073
1.6 2 0.035 9.3 1 0.069
1.7 2 0.0385 9.4 1 0.052
1.8 0 0.058 9.5 2 0.049
1.9 1 0.046 9.6 0 0.033
1.1 1 0.056 9.7 0 0.046
Average 0.047 9.8 0 0.039
3.1 1 0.675 9.9 0 0.042
3.2 0 0.367 9.1 2 0.046
3.3 1 0.076 9.11 1 0.067
3.4 1 0.088 9.12 1 0.054
3.5 1 0.063 0.053
3.6 2 0.198 11.1 0 0.365
Average 0.245 11.2 1 0.076
4.1 1 0.206 11.3 1 0.087
4.2 1 0.398 11.4 0 0.249
4.3 1 0.076 11.5 1 0.045
4.4 1 0.079 11.6 1 0.066
4.5 2 0.146 11.7 1 0.046
4.6 1 0.074 11.8 1 0.074
4.7 1 0.065 11.9 1 0.069
4.8 0 0.311 11.1 1 0.077
4.9 2 0.201 11.11 1 0.081
4.1 1 0.054 11.12 0 0.405
Average 0.161 Average 0.137
5.1 0 0.041 12.1 1 0.066
5.2 0 0.035 12.2 2 0.071
5.3 2 0.195 12.3 0 0.281
5.4 2 0.171 12.4 2 0.179
Average 0.111 Average 0.149
6.1 0 0.187 13.1 1 0.080
6.2 1 0.076 13.2 1 0.083
6.3 2 0.215 13.3 1 0.071
6.4 1 0.062 13.4 1 0.065
6.5 2 0.288 13.5 1 0.079
6.6 0 0.184 13.6 1 0.091
6.7 2 0.081 13.7 1 0.069
6.8 1 0.079 13.8 1 0.076
6.9 1 0.077 13.9 1 0.078
Average 0.139 13.1 1 0.080
13.11 1 0.090
13.12 1 0.076
Average 0.078  
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Table 8.3 continued 
F3 Family 
number
Necrotic 
lesion score
ELISA value F3 Family 
number
Necrotic 
lesion score
ELISA value
14.1 0 0.277 25.1 1 0.081
14.2 2 0.154 25.2 1 0.077
14.3 1 0.069 25.3 1 0.069
Average 0.167 25.4 1 0.059
15.1 0 0.389 25.5 1 0.076
15.2 1 0.072 25.6 1 0.089
Average 0.231 25.7 1 0.083
16.1 0 0.401 25.8 1 0.079
16.2 2 0.208 25.9 1 0.068
16.3 0 0.399 25.10 1 0.071
16.4 0 0.359 Average 0.075
16.5 0 0.311 26.1 2 0.061
16.6 2 0.215 26.2 2 0.172
16.7 0 0.389 26.3 0 0.213
16.8 0 0.375 Average 0.149
16.9 0 0.197 27.1 1 0.069
Average 0.317 27.2 1 0.077
17.1 0 0.322 27.3 1 0.073
17.2 0 0.367 27.4 1 0.071
17.3 0 0.291 27.5 1 0.066
17.4 0 0.379 27.6 1 0.079
Average 0.340 27.7 1 0.069
20.1 0 0.261 27.8 1 0.077
20.2 0 0.345 27.9 1 0.072
20.3 0 0.388 Average 0.073
20.4 0 0.254 28.1 1 0.067
20.5 0 0.267 28.2 2 0.051
Average 0.303 28.3 1 0.032
21.1 0 0.297 28.4 0 0.046
21.2 1 0.034 28.5 1 0.032
21.3 2 0.046 28.6 1 0.049
Average 0.126 28.7 1 0.038
23.1 1 0.077 28.8 2 0.036
23.2 1 0.078 28.9 0 0.069
23.3 1 0.077 28.10 2 0.051
23.4 1 0.092 Average 0.047
23.5 1 0.069 29.1 2 0.132
23.6 1 0.068 29.2 0 0.211
23.7 1 0.081 29.3 1 0.065
23.8 1 0.075 29.4 0 0.195
23.9 1 0.073 29.5 2 0.177
23.10 1 0.069 29.6 0 0.296
Average 0.076 29.7 2 0.071
24.1 0 0.279 29.8 2 0.073
24.2 0 0.244 29.9 1 0.069
24.3 2 0.219 29.10 1 0.066
24.4 0 0.355 Average 0.136
24.5 0 0.313 30.1 1 0.039
24.6 0 0.364 30.2 0 0.387
24.7 2 0.227 30.3 2 0.168
24.8 0 0.389 30.4 1 0.049
Average 0.299 Average 0.161  
 
 
 
   176 
Table 8.3 continued 
F3 Family 
number
Necrotic 
lesion score
ELISA value F3 Family 
number
Necrotic 
lesion score
ELISA value
31.1 1 0.042 42.1 2 0.075
31.2 2 0.133 42.2 0 0.281
31.3 2 0.194 Average 0.178
31.4 1 0.037 43.1 2 0.063
31.5 0 0.372 43.2 1 0.071
31.6 1 0.037 43.3 0 0.317
31.7 0 0.277 Average 0.150
Average 0.176 44.2 1 0.048
32.1 1 0.067 44.3 1 0.035
32.2 0 0.399 44.4 2 0.039
32.3 1 0.088 44.5 1 0.049
Average 0.185 44.6 1 0.041
33.1 1 0.036 44.7 1 0.038
33.2 2 0.21 44.8 2 0.051
33.3 2 0.178 44.9 1 0.037
33.4 1 0.031 Average 0.042
33.5 2 0.219 45.1 1 0.08
33.6 1 0.045 45.2 1 0.069
33.7 1 0.034 45.3 1 0.076
33.8 2 0.121 45.4 1 0.078
33.9 0 0.291 Average 0.076
Average 0.129 46.1 0 0.286
34.1 0 0.281 46.2 0 0.237
34.2 0 0.377 46.3 0 0.357
34.3 0 0.288 46.4 0 0.319
34.4 0 0.197 46.5 2 0.21
34.5 0 0.083 46.6 0 0.299
34.6 0 0.121 46.7 0 0.314
34.7 0 0.269 46.8 2 0.176
34.8 0 0.297 46.9 0 0.346
34.9 0 0.387 46.10 2 0.188
34.10 0 0.281 Average 0.273
Average 0.258 48.1 2 0.079
36.1 0 0.245 48.2 1 0.076
36.2 0 0.339 48.3 2 0.081
36.3 0 0.313 48.4 1 0.055
36.4 0 0.274 48.5 1 0.061
36.5 2 0.122 48.6 1 0.075
36.6 0 0.265 48.7 2 0.068
36.7 0 0.089 48.8 1 0.066
36.8 0 0.216 48.9 1 0.059
36.9 0 0.279 48.10 1 0.072
Average 0.238 Average 0.069
40.1 1 0.074 49.1 2 0.173
40.2 1 0.06 49.2 2 0.165
40.3 1 0.065 49.3 0 0.037
40.4 1 0.067 49.4 0 0.042
40.5 1 0.073 Average 0.104
40.6 1 0.08
40.7 1 0.064
Average 0.069
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Table 8.3 continued 
F3 Family 
number
Necrotic 
lesion score
ELISA value F3 Family 
number
Necrotic 
lesion score
ELISA value
50.1 0 0.199 Wodjil 1 1 0.061
50.2 0 0.261 Wodjil 2 1 0.054
50.3 0 0.276 Wodjil 3 1 0.069
50.4 0 0.294 Wodjil 4 1 0.071
50.5 0 0.278 Wodjil 5 1 0.059
50.6 2 0.242 P28212-1 0 0.193
50.7 0 0.311 P28212-2 0 0.271
50.8 0 0.342 P28212-3 0 0.199
50.9 0 0.318 P28212-4 0 0.312
50.10 0 0.298 P28212-5 0 0.343
Average 0.282  
 
 
Table 8.4 Distribution of F2 individuals for the Wojil X P28212 population based on the scoring of F3 
progeny following CMV challenge. Scores were determined visually by observing the presence of 
necrotic lesions and quantitatively using ELISA. Yellow highlights indicate lines that were reclassified 
based on the ELISA measurements.  
Visual scoring of % leaf area with necrotic 
lesions 
Post ELISA virus titres (Abs) 
0-25  25-50  50-75  75-100  >0.2 (S)  0.1-0.2 
(Het) 
<0.1 (R) 
16 
24 
34 
36 
46 
50 
 
5 
6 
8 
9 
12 
14 
17 
20 
21 
26 
29 
30 
31 
33 
42 
43 
49 
1 
3 
4 
11 
15 
28 
32 
44 
 
 
 
13 
23 
25 
27 
40 
45 
48 
 
 
16 
24 
34 
36 
46 
50 
 
 
3 
4 
5 
6 
8 
11 
12 
14 
15 
17 
20 
21 
26 
29 
30 
31 
32 
33 
42 
43 
48 
49 
13 
23 
25 
27 
40 
45 
48 
1 
9 
28 
44 
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